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FOREWORD

The Applied Physics Laboratory issues this Quarterly Report series
to provide a useful record of its activities for the Bureau of Naval
Weapons and the defense establishment. This series of reports is or-
ganized in six volumes by major Laboratory program and security classi-
fication, as follows: - :

Programs Unclassified No. Classified No.

Weapon Systems

Surface Missile Systems WQR/65-2A
Polaris Support WQR/65-2B
Research and Development U~RQR/65-2 C-RQR/65-2
Space Programs U~-SQR/65~2 C-SQR/65-2

This numbering system for the six basic volumes uses the following
nomenclature. The designator for Quarterly Report, "QR," is preceded
by a letter indicating the scope of the report (i.e., "W" for Weapon
Systems, "R" for Research and Development, and "S" for Space Progranm.
The scope designator 1is preceded by "C" or "U" to indicate "Classi-
fied" or "Unclassified," respectively, when both a classified and an
unclassified volume are issued. Following the QR designator is the
year indicator (e.g., "65") and then a number from 1 to 4 to designate
the appropriate gquarter of the calendar year. When a volume must be
further subdivided to facilitate appropriate distribution, the quarter-
designating number is followed by an arbitrary letter (A, B, C, ... )
to distinguish between different subtitles.

The Quarterly Reports use the format originated for the APL/JHU
Aeronautics Division Quarterly Review in which each topic is presented
on a single sheet of paper and each is keyed to its proper progranm,
technical instruction, Laboratory group, and supporting agency. Using
the pages printed for the basic QR's, the Laboratory is able to pre-
pare Division quarterlies and other special-purpose reports as required.
Each such special-purpose report has its own scope indicator letter
preceding the QR but uses a classification indicator only if it is
divided into classified and unclassified volumes.

Lists approved by the Bureau of Naval Weapons for the initial dis-
tribution of these documents external to the Applied Physics Labora-
tory are printed in the back of each Quarterly Report volume. Distri-
bution is made by the Distribution Project of the APL Technical Reports

Group.
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Section Il
POLARIS SUPPORT

Polaris High Impulse Booster and Thrust
Augmentation--The feasibility of augmenting the
tﬁgusf of first-stage rockets by supersonic
afterburning of ram-collected air with fuel-~
rich exhaust gases is being investigated with
studies based on the Polaris A3 and similar
vehicles. Present studies are concerned with
a 26-inch-diameter booster, as it has been sug-
gested that five 26-inch-diameter missiles
could be used in each missile tube aboard a
submarine to increase potential distribution of
weapons,

To provide data needed to design air in-
lets and other aerodynamic devices located at
the aft end of the missile configuration, addi-~
tional analysis was made of the boundary-layer
characteristics on long cylindrical missiles
at supersonic speeds, using boundary-layer pro-
file measurements supplied by NASA (11/8).

Arc Research--Arc heater development is
aimed at obtaining higher enthalpy operation
to simulate more closely the environmental
conditions encountered during re-entry at high
Mach number. Forty-four runs were made with
the all-copper arc; twenty were tests of abla-
tion materials (11/11).
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POLARIS SUPPORT 11/8

High Impulse Booster and Thrust Augmentation
P61BBA

Support: SP-001, Special Projects Office (Polaris)

R. H. Cramer January - June 1965

BOUNDARY LAYERS ON LONG
CYLINDRICAL MISSILES AT
SUPERSONIC SPEEDS

It is common practice to estimate boundary-
layer characteristics on long cylindrical mis-
sile shapes by appeal to flat-plate theory and
results, using the geometric distance measured
from the nose as the length appropriate to in-
sert in the Reynolds number formula. Undis-
turbed, free-stream conditions are often used
as the engineering approximations for the ve-
locity and kinematic viscosity which enter the
Reynolds number determination. In order to
execute a rational design for many aft-lying
aerodynamic components pertinent to long
slender missile configurations, it is patently
clear that confirmation is required in regard
to the accuracy and applicability of such crude
engineering models for the real flow. In par-
ticular, it is highly desirable to know how to
estimate the boundary-layer thickness at aft
locations where an air inlet may be positioned.
In fact, many fluid-mechanic devices, such as
control surfaces or bleed-~-scoops, owe their
effectiveness to the extent of the boundary
layer and the state of the flow internal to and"
immediately outboard of the edge of the bound-
ary-layer. Precise prediction of such boundary-
layer characteristics, under realistic con-
ditions, is often of crucial importance in the
aerodynamic design of long slender missiles.
Although theory and the few tests that have
been made tend to indicate that there should be
a minimum of discrepancy between flat-plate
results and cylindrical-body findings, provided
the nose is not too blunt, and provided the
radius of the body of revolution is many times
larger than the boundary-layer thickness, sub-
stantiation is needed to establish that the
extensive body of information concernmed with
flat-plate boundary layers really is appli-
cable to cylinders under commonly met circum-
stances.

SUMMARY AND CONCLUSIONS

Boundary-layer profiles have been measured
by NASA (see Ref., 1) for 174 sets of conditions
on three long slender-body configurations comn-
sisting of a circular cylinder preceded by (a) a
sharp cone of 10° half angle, (b) a hemispheri-
cally blunted cone of 22.5° half angle, with
radius of the hemisphere one-half of that of the
cylinder, and (c¢) a full hemispherical head-cap

" to the cylinder. Four alternate types of trip

were used to convert the houndary layer to the
turbulent type (although all trips appear to
give nearly the same action). The Mach numbers,
M_,, ranged from 1.44 to 4.55 and the Reynolds
numbers, NRe,(determined as mentioned above)
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ranged from 1.10 to 9.97 x 106. The flow out-
side of the boundary layer was found to be
homentropic for the sharp cone, but the entropy
gradient caused by the blunter noses was plain-
1y evident. Typical profiles, representative
of the three nose shapes, are shown in Fig. 1.
It should be noted that the velocity-defect

law (giving a straight line variation on a semi-
log plot) holds for the boundary layer, re-
gardless of nose shape and induced entropy
gradients in the external field.

BACKGROUND AND CONCLUSIONS

The Ames Laboratory of NASA has provided
APL with boundary-layer-profile measurements
(Ref. 1) made at the aft end of a long cylinder
(fineness ratio = 9) for adiabatic test condi-
tions. The reservoir temperature was approxi-
mately 560°R in all cases, while the pressures
ranged from 6 to 55 lb/iné. Survey stations
were located. 9.5 and 11.1 inches downstream of
the juncture between the nose and the cylinder.
The local Reynolds number based on the geo-
metric distance x, measured from the tip of the
nose, and allowing the velocity and kinematic
viscosity to have their free-stream values,
ranged from 1.10 to 9.97 x 106, while the free-
stream Mach number varied between 1.44 and
4.55, Three different nose shapes were used as
described under Summary and Conclusions. Such
a systematic series of boundary-layer measure-
ments on cylinders in the Mach number and
Reynolds number range of immediate interest to
missile designers is not to be found elsewhere.

All the data followed the velocity-defect
law, regardless of the influence of the entropy
changes occasioned by the passage of the flow
through the different kinds of nose-shock.

The previous report (Ref. 2) on these profiles
indicated the adherence to this law of three
cases representative of the three different
nose shapes; i.e., when plotted on a semi-log
scale, all profiles, regardless of nose shape,

SYMBOL NOSE SHAPE (WIRE TRIP) Mo NRo
° 10° HALF-ANGLE SHARP CONE 410 | 3.64x10%
A 22.5° HALF-ANGLE HEMISPHERI- :
CALLY BLUNTED CONE 395 | 3.75x108
a FULL HEMISPHE RE HEADCAP 3.45 | 416 x10%
2500
3
2
E FREE STREAM ] : —
> VELOCITY /—
2000 ‘ ; Blo=0"
2173'/5EC
1500 I

0.04 0.050.080.10 0.20
y (inches)

0.01 0.02

HglCmmﬁmMMMMmﬂwvmmedha

Far Aft on Fineness-Ratio-9.0 Cylinder, with
Variant Noses. (76537)
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showed a straight line trend within the bound-
ary layer. This illustration is repeated here
now (Fig. 1) with correct numbers, to rectify
a computational slip made previously (however,
nothing needs to be altered in the numerical
determination of the boundary layer thickness,
8, nor in the power-law profile index, n, as
reported previously).

Since only a very small effort was devoted
to this project recently, no significantly new
results have been obtained. Routine analysis,
however, has provided the values of n in the
power-law profile defined as

/U, = (3/8)/"

where U is the velocity within the boundary
layer, at the fractional distance y/8 from the
wall, out toward the edge of the boundary layer,
where the external velocity is Ue'

The complete assemblage of such values of n
indicates that n increases as a function of M,
when Reynolds number is held constant; in fact,
at an average Reynolds number and average M_
for these tests the value of n is about 8.8, so
that, under such conditions, the following law
holds approximately:

n=4.44 + 1.53 M_

where the average value of M_ for these tests
is about 2.87.

This behavior of n as a function of M for a
constant Reynolds number is contrary to that
predicted by D. A. Spence in Ref. 3, for a flat
plate. The velocity profiles used by Spence to
support his statement were obtained on the side-
walls of the NOL two-dimensional Tunnel No. 4
at hypersonic speeds (5 < Mm'< 8). Recent data

obtained by NASA (Ref. 4) indicate that bound-
ary layers obtained on two-dimensional tunnel
walls are far from being two-dimensional; thus,
it appears unsafe to infer the trend of n from
such tunnel wall measurements. The value of
the present data, taken on an isolated long
body, is enhanced because these boundary lay-
ers are free of cross—-flow contamination, while
curvature effects are practically nonexistent.

FUTURE PLANS

Boundary-layer thicknesses, 0, have been
determined as described above, so attempts will
be made to predict these thicknesses as func-
tions of Mach number and Reynolds number, using
the information on how n varies as a function

UNCLASSIFIED

of Mach number and Reynolds number. Such a
correlation should not be difficult to estab-
lish because (see Ref. 5):

6/x = (SEil%%Bigl +0.272 M2 )cF

where CF is the average skin friction co-

efficient, and where adiabatic flow is assumed.
The ratio of compressible to incompressible
skin friction coefficient generally is con-
sidered to be unaffected by Reynolds number
variation; consequently, a simple engineering
result, for adiabatic flow conditions, as
experienced in these tests, is (see Ref., 6):

Cp/Cp ~ (1 + 0.128 ¥ 2)"0-67 |
inc

Thus, a combination of these equations should
provide the means for making a correlation of
boundary layer thickness, 0, on a logical basis.
The alternative, for engineering estimates, is
to use an empirical result, obtained simply by
plotting the measured thicknesses (for a selec-
ted M) as a function of Reynolds number, as
obtained in the present tests.

- REFERENCES

1. Letter of June 29, 1964 from S. J. DeFrance
of NASA to W. H. Avery of APL/JHU, trans-
mitting unpublished velocity-profile meas-
urements made in conjunction with research
reported by D. M. Kuehn in NASA Technical
Report R-117, 1961.

2. R. H. Cramer, "Boundary Layer Character-
istics at Rear End of Long Cylindrical
Configurations," Section I1/11, Research
and Development Programs Quarterly Report,
October-December 1964, APL/JHU U-RQR/64-4.

3. D. A. Spence, "Velocity and Enthalpy Dis-
tributions in the Compressible Turbulent
Boundary Layer on a Flat Plate,”" J. Fluid
Mech., Vol. 8, 1960, pp. 368-387.

4, M. W. Jackson, K. R. Czarnecki, and W. J.
Monta, Turbulent Skin Friction at High
Reynolds Numbers and Low Supersonic Vel-
6cities, NASA TN D-2687, March 1965.

5. R. E. Wilson, "“Viscosity Effects," Vol. 5,
Section 13, Handbook of Supersonic Aero-
dynamics, NAVWEPS Report 1488 (to be
published).

6. W. A. McIntosh, G. Hebert, and H. Dershin,
The Effect of Aerodynamic Heating on SKkin
Friction Drag, Convair/Pomona TM-349-13
(issued in revised form as APL/JHU CM-971,
1 October 1959).
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High Impulse Booster and Thrust Augmentation
P61BBA

Support: SP-001, Special Projects Office (Polaris)

R. H. Cramer January - June 1965

BOUNDARY LAYERS ON LONG
CYLINDRICAL MISSILES AT
SUPERSONIC SPEEDS

It is common practice to estimate boundary-
layer characteristics on long cylindrical mis-
sile shapes by appeal to flat-plate theory and
results, using the geometric distance measured
from the nose as the length appropriate to in-
sert in the Reynolds number formula. Undis-
turbed, free-stream conditions are often used
as the engineering approximations for the ve-
locity and kinematic viscosity which enter the
Reynolds number determination. In order to
execute a rational design for many aft-lying
aerodynamic components pertinent to long
slender missile configurations, it is patently
clear that confirmation is required in regard
to the accuracy and applicability of such crude
engineering models for the real flow. In par-
ticular, it is highly desirable to know how to
estimate the boundary~layer thickness at aft
locations where an air inlet may be positioned.
In fact, many fluid-mechanic devices, such as
control surfaces or bleed-scoops, owe their
effectiveness to the extent of the boundary
layer and the state of the flow internal to and’
immediately outboard of the edge of the bound-
ary-layer. Precise prediction of such boundary-
layer characteristics, under realistic con-
ditions, is often of crucial importance in the
aserodynamic design of long slender missiles.
Although theory and the few tests that have
been made tend to indicate that there should be
a minimum of discrepancy between flat-plate
results and cylindrical-~body findings, provided
the nose is not too blunt, and provided the
radius of the body of revolution is many times
larger than the boundary-layer thickness, sub-
stantiation is needed to establish that the
extensive body of information concerned with
flat-plate boundary layers really is appli~
cable to cylinders under commonly met circum-
stances,

SUMMARY AND CONCLUSIONS

Boundary~layer profiles have been measured
by NASA (see Ref, 1) for 174 sets of conditiomns
on three long slender-body configurations con-
sisting of a circular cylinder preceded by (a) a
sharp cone of 10° half angle, (b) a hemispheri-
cally blunted cone of 22.5° half angle, with
radius of the hemisphere one-half of that of the
cylinder, and (c) a full hemispherical head-cap
Four alternate types of trip
were used to convert the boundary layer to the
turbulent type (although all trips appear to
give nearly the same action). The Mach numbers,
M_,, ranged from 1.44 to 4.55 and the Reynolds
numbers, Nne,(determined as mentioned above)
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ranged from 1.10 to 9.97 x 106. The flow out-

side of the boundary layer was found to be
homentropic for the sharp cone, but the entropy
gradient caused by the blunter noses was plain-
1y evident. Typical profiles, representative

of the three nose shapes, are shown in Fig. 1.
It should be noted that the velocity-defect

law (giving a straight line variation on a semi-
log plot) holds for the boundary layer, re-
gardless of nose shape and induced entropy
gradients in the external field.

BACKGROUND AND CONCLUSIONS

The Ames Laboratory of NASA has provided
APL with boundary-layer-profile measurements
(Ref. 1) made at the aft end of a long cylinder
(fineness ratio = 9) for adiabatic test condi-
tions. The reservoir temperature was approxi-
mately 560°R in all cases, while the pressures
ranged from 6 to 55 lb/iné. Survey stations
were located. 9.5 and 11.1 inches downstream of
the juncture between the nose and the cylinder.
The local Reynolds number based on the geo-
metric distance x, messured from the tip of the
nose, and allowing the velocity and kinematic
viscosity to have their free-stream values,
ranged from 1.10 to 9.97 x 106, while the free-
stream Mach number varied between 1.44 and
4.55, Three different nose shapes were used as
described under Summary and Conclusions. Such
a systematic series of boundary-layer measure-
ments on cylinders in the Mach number and
Reynolds number range of immediate interest to
missile designers is not to be found elsewhere.

All the data followed the velocity-defect
law, regardless of the influence of the entropy
changes occasioned by the passage of the flow
through the different kinds of nose-shock.

The previous report (Ref. 2) on these profiles
indicated the adherence to this law of three
cases representative of the three different
nose shapes; i.e., when plotted on a semi-log
scale, all profiles, regardless of nose shape,

SYMBOL NOSE SHAPE (WIRE TRIP) Moo Ng,
o 10° HALF-ANGLE SHARP CONE 410 | 3.64x0°
A& 22.5° HALF-ANGLE HEMISPHERI- :
CALLY BLUNTED CONE 395 | 3.75x 10®
] FULL HEMISPHE RE HEADCAP 3.45 | 4.16 x 108
2500

Y (ft/sec)

-
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Fig. 1 Comparison of Turbulent Flow Velocity Profiles,
Far Aft on Fineness-Ratio-9.0 Cylinder, with
Variant Noses. (76537)
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showed a straight line trend within the bound-
ary layer., This illustration is repeated here
now (Fig. 1) with correct numbers, to rectify
a computational slip made previously (however,
nothing needs to be altered in the numerical
determination of the boundary layer thickness,
&6, nor in the power-law profile index, n, as
reported previously).

Since only & very small effort was devoted
to this project recently, no significantly new
results have been obtained. Routine analysis,
however, has provided the values of n in the
power-law profile defined as

v/u, = (y/6)1/"

where U is the velocity within the boundary
layer, at the fractional distance y/6 from the
wall, out toward the edge of the boundary layer,
where the external velocity is Ue'

The complete assemblage of such values of n
indicates that n increases as a function of M,
when Reynolds number is held constant; in fact,
at an average Reynolds number and average M,
for these tests the value of n is about 8.8, so
that, under such conditions, the following law
holds approximately:

n=4.44 + 1,53 M_

where the average value of M_ for these tests
is about 2,87.

This behavior of n as a function of M, for a
constant Reynolds number is contrary to that
predicted by D. A. Spence in Ref. 3, for a flat
plate. The velocity profiles used by Spence to
support his statement were obtained on the side-
walls of the NOL two-dimensional Tunnel No. 4
at hypersonic speeds (5 < M_ < 8). Recent data

obtained by NASA (Ref. 4) indicate that bound-
ary layers obtained on two-dimensional tunnel
walls are far from being two-dimensional; thus,
it appears unsafe to infer the trend of n from
such tunnel wall measurements. The value of
the present data, taken on an isolated long
body, is enhanced because these boundary lay-
ers are free of cross~flow contamination, while
curvature effects are practically nonexistent.

FUTURE PLANS

Boundary-layer thicknesses, 0, have been
determined as described above, so attempts will
be made to predict these thicknesses as func-
tions of Mach number and Reynolds number, using
the information on how n varies as a function
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of Mach number and Reynolds number. Such a
correlation should not be difficult to estab-
lish because (see Ref. 5):

6/x = ((“—"1%%“3)- +0.272 M2 )cF

where CF is the average skin friction co-

efficient, and where adiabatic flow is assumed.
The ratio of compressible to incompressible
skin friction coefficient generally is con-
sidered to be unaffected by Reynolds number
variation; consequently, a simple engineering
result, for adiabatic flow conditions, as
experienced in these tests, is (see Ref. 6):

- 2.-0,67
Cp/Cp = (1 + 0.128 M%)

inc

Thus, a combination of these equations should
provide the means for making a correlation of
boundary layer thickness, 6, on a logical basis.
The alternative, for engineering estimates, is
to use an empirical result, obtained simply by
plotting the measured thicknesses (for a selec-
ted M_) as a function of Reynolds number, as
obtained in the present tests.
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1. Letter of June 29, 1964 from S. J. DeFrance
of NASA to W. H. Avery of APL/JHU, trans-
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Report R-117, 1961.

2. R. H. Cramer, "Boundary Layer Character-
istics at Rear End of Long Cylindrical
Configurations," Section IT1/11, Research
and Development Programs Quarterly Report,
October-December 1964, APL/JHU U-RQR/64-4.
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tributions in the Compressible Turbulent
Boundary Layer on a Flat Plate," J. Fluid
Mech., Vol. 8, 1960, pp. 368-387."

4, M. W. Jackson, K. R. Czarnecki, and W. J.
Monta, Turbulent Skin Friction at High
Reynolds Numbers and Low supersonic vel-
ocities, NASA TN D-2687, March 1965.

5. R. E. Wilson, "Viscosity Effects," Vol. 5,
Section 13, Handbook of Supersonic Aero-
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Support: SP-00I, Special Projects Office (Polaris)
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January - June 1965

ARC RESEARCH

This report covers that part of the con-~
tinuing arc heater development which is now
directed towards obtaining higher enthalpy op-
eration in order to more nearly simulate the
environmental conditions encountered in re-
entry at high Mach number.

SUMMARY AND CONCLUSIONS

All-Copper Arc Running--The first runs were
made on this unit, designated Arc XII (to a
total of 44, of which the latter 20 were
Polaris tests referred to below). Reliability
expectations have been borne out, necessary
design changes being relatively few. 1In com-
parison to the performance of steel cased
arcs, the most significantly different fea-
tures of operation are, firstly, a new V-i
characteristic, which intersects the old at
about 13.9 kA. Since this new characteristic
is nearly flat, at least over a range 8<i<32 kA,
stability is much improved in the light of
Kaufmann's criterion. (Ref. 1)

dV/di are * R>0,

where R is the slope of the load line. This is
attributed to the greater rigidity of the
double-overlap form of electrodes. Secondly,a
further operating improvement resides in the
use of parallel connections to these electrodes
in order to avoid causing the arc column to
surmount a voltage barrier (associated with
high erosion) at the oncoming limb of the gaps.

Polaris Tests--A program of testing abla-
tion materials in a sonic turbulent duct
coupled to Arc XII was undertaken in conjunc-
tion with the Lockheed Missiles and Space
Division and is approximately half com-
pleted. The test duct is similar to that used
in the previous set of tests (see Aeronautics
Quarterly, July-September 1962, Arc Research,
for photograph of equipment). For these tests
the arc unit was equipped with a special start-
ing device; 'skirts' were added to the bases
of the electrode supports to shield the in-
sulators from arc radiation; and the inside of
the unit was coated with zirconia deposited on
nickel., Testing requirements were (a) high
shear stress and (b) enthalpy in excess of
3000 Btu/lb (as measured by heat balance), in
that order. Table I lists the data obtained,
the results of the longer runs also being
shown on Fig. 1.

High Enthalpy Considerations--Further con-
sideration has been given to the requirements
attending high enthalpy operation (Ref. 2).

In addition, five runs were made on a modified
Arc III unit (now designated Arc X) at ap-
proximately constant values of input power/
mass flow to check the proportional reduction
of heat losses below those of larger units
(Ref. 3). However, the fact that the typical
efficiency was only slightly greater than for
the large arc unit led to a consideration of
the connection between efficiency and rota-
tional velocity.

THE JOHNS HOPKINS UNIVERSITY » APPLIED PHYSICS LABORATORY
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DATUM: 0
I— m/PA*Cy = 2807h,% 397 (REF. 8)
[10% <hy<104, ¢y = 1]

® OTHER (ORIFICE) DATA,
VARYING Cg4(>0.85)
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FROM HEAT
BALANCE

m/PA*C 4 (Ibm/sec - atm- #2)

© POLARIS (DUCT) DATA, C4 = 0.8

h, (BTU/Ibm)
Fig. 1 Enthalpy Data. (76513)
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Fig. 2 Certain Solutions for Proportion of Radiative and
Convective Flux for Copper Arc Body. (76514)

FUTURE PLANS

These include: (a) completion of Polaris
ablation tests, (b) further low mass flow
(high enthalpy) runs in Arc XII, (c) operation
of Arc XI1 at maximum pressure (aided, if
need be, by series inductance), (d) operation
of multiple electrode systems in Arc XII (in
anticipation of eventual power augmentation),
and (e) operation of a restricted-arc high-
enthalpy device to determine the maximum
possible nonrotated arc current and the mini-
mum individual ballast for arcs running in
paraliel.

BACKGROUND

In the light of earlier arc experience, a
DC arc unit was designed to serve as a heater
for a Mach 7 to 10 propulsion tunnel. As the
laboratory pressure, power, and voltage limits
have progressively been raised, an extension
of arc capabilities has been sought in order
to meet the requirements of the supporting ze-
search program.

PROGRESS DURING QUARTER

Distribution of Wall Heat Flux Between
Convective and Radiative Forms--This distri-
bution is important not only from the point
of view of the efficiency of operation of
present units but also because it has a strong
bearing on the design of higher enthalpy units,
particularly since the chamber gases radiate
much more strongly than air uncontaminated by
electrode materials. An attempt has therefore
been made to distinguish between convective
(c) and radiative (r) losses by solving for
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Table |

Arc Parameters Used in Polaris Ablation Tests

. . Run Heat Total Duct
Date Nuﬁ::r m Py i v Power itime, t Loss Enthalpy Eff, Opening Remarks
(1bm/sec) | (psia) | (amps) [(volts) | (MW) (sec) (Btu/sec)| (Btu/lbm) |(percent) (ina)
5/19/65| 256 - 1P 0.65 175 12,900 405 5.23 8 3137 3124 36.6 0.625 Calibration
5/21/65 26 - 2P 0.309 81 8,660 325 2,81 8 776 2634 29.1 0.625 "
5/21/65 | 27 - 3P 0.308 85 9,480 338 3.20 12 2079 3244 31.6 0.625 "
5/24/65 | 28 - 4P 0.303 190 8,300 413 3.43 - 1861 - - 0.625 Highest pressure+
0.303 62.5 | 10,000 295 2.98 3 1861 3324 34.2 - End of test
5/24/65 | 29 - 5P 0.299 43 10, 800 250 2.70 5 1711 2964 33.2 1.25
5/24/65 | 30 ~ 6P 0.305 87.5 | 11,420 312 3.57 - 2406 3314 28.8 0.625 Highest pressure
0.305 71 11,920 273 3.26 15 2406 2366 22,2 - End of ablation
5/24/65 | 31 - 7P 0.307 90 14,340 300 4.30 - 2979 3694 26.9 0.625 Highest pressure
0.307 72.5 1 15,000 265 3.97 14 2979 2669 20.8 - End of ablation
5/24/65 | 32 - 8P 0.307 86 14,440 285 4,12 15 2998 3094 23.3 0.625
5/24/65 | 33 - 9P | 0.308 85 14,460 285 4.12 7 2818 3674 ) 28.0 0.625
5/24/65 | 34 -10P 0.306 ) 90 14,240 288 4.10 12 2940 3224 i 24.4 0.625
5/26/65 35 -11P 0,292 94 14,240 325 4.63 - 3020 3794 : 26.2 0.625 Highest pressure
0.292 73 14,960 275 4.12 15 3020 3174 . 22.7 - End of ablation
5/26/65 | 36 -12P 0.293 86 14,420 310 4.48 - 3102 4014 f 26.9 0.625 Highest pressure
: 0.293 §1.5 | 14,680 300 4.41 9 3102 3804 L 25.8 - End of ablation
5/26/65 | 37 -13P ! 0.291 81.5 | 14,240 300 4,27 25 3146 1 3194 22,1 0.625
5/26/65 | 38 -14p 0.595 88 14,080 333 4,69 20 2939 2664 34.0 0.625x
5/26/65 | 39 ~15P 0.304 94 13,820 318 4.40 - 3103 3634 25.6 0.625 Highest pressure
0.304 78.5 | 14,240 295 4,20 10 3103 3024 22.1 - End of ablation
6/1/65 40 -16P 0.305 87.5 | 13,920 322.5 4,49 - 3008 4114 29,1 0.625 Highest pressure
0.305 75.5 | 14,500 } 290 4.21 14 3008 . 3331 24.5 - End of ablation
6/1/65 | 41 -17p 0.296 93 14,120 | 310 4.38 - 3006 | 3985 27.5 0.625 | Highest pressure
0.296 75 14,680 283 4.15 15 : 3006 3273 ; 23.7 - End of ablation
6/3/65 41 -18P 0.294 97.5 | 13,640 350 4.77 - 3252 4454 28.13 0.625 Highest pressure
0.294 76.0 | 14,200 305 4.33 15 3252 3025 20.78 - End of ablation
6/3/65 42 -19p 0.292 88.51 14,000 350 4,90 - 3280 4799 29.39 0.625 Highest pressure
0.292 78.5] 14,340 305 4,37 11 3280 3090 20.89 End of ablation
*Model {cork) dislodged, causing temporary blockage of exit duct.

XModel (boron

nitride) dislodged at t =

1 second, leaving opening of 1.25 in®.

first~power heat flux dependence on tempera-—
ture difference with the walls,
comparing the former with a vortex model of

gas behavior.
and surfaces,

m,

where

=x_f
n

r r

.

f fr

4

n,

and then by

Writing equations for all runs,

for which a heat flux meas-
urement is available:

(T, +

(T )

m'n

x £

c ¢

x f
c ¢

(T,

(T.)

m’'n

b

0.8
£.(T) = L (1) = (Tg - T (W)

X = 20V (/%) An/A

and
r

total’
0.33

constant (Pr) , the constant

taking into account the geometry

of the particular surface.

X =
[

Results of runs for which a solution has so far
been worked out have been plotted in Fig. 2.

Polaris Tests--Although undertaken for the
purpose of testing ablation models under speci-
fied conditions, these runs have provided valu-
able data on arc operation at mass flows of ~
0.3 pps. To suppress convective losses, rota-
tion rates were held down by keeping currents
below 14 kA. In Fig. 1, a standard enthalpy
curve (C, = 1) (Ref. 4) has been inserted to
illustrage the degree to which the enthalpies
derived from the heat balance may be high. The
use of this curve is valuable in setting arc
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operating points and in determining design
characteristics of new arcs. Data points in
Fig. 1 were calculated using various cold flow
values of discharge coefficients, and are seen
to lie above the datum enthalpy curve. The
discrepancy between these curves may be re-
solved if the following is taken into consider-
ation: (a) the measured losses are undoubtedly
minimal, hence the true enthalpy values should
be shifted to an arbitrary curve (shown dashed
in Fig. 1); (b) the values of Cq used were
‘cold' values, while 'hot' values are expected
to be greater. The departure from the datum
curve is thus a measure of uncertainty in the
'hot' value of Cg which, if taken into account,
resolves the discrepancy.
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Section 1l

EXPLORATORY DEVELOPMENT

Landing Force Support Weapon (LFSW)--A
mobile semi-trailer van has been fitted out as
an operations center for the SIGS/Sergeant
flight test series (I11/3).

Adaptive Systems Design and Analysis--A
digital simulation of the boundary-tracking
optical perception system has been evaluated
and some resultant design changes initiated
(111/7).

Airframe Structures - Hypersonic Flight--An
analysis has been made of the various thermal
stress components that arise in radomes as a
result of aerodynamic heating (III/8a). Stud-
ies of the transient deformation of a titanium
alloy under rapidly changing conditions of
stress and temperature indicate that the
actual strain lags behind predicted values
during such periods (I11/8b).

Aeroelastic Research and Development—-
Studies of the frequencies of free vibration
of elastic structures and structural elements
were continued, with emphasis on determining
the effectiveness of lower bound calculation
techniques (II1/9).

Thermal Studies--Use of a temperature-
difference method for obtaining convective
heat transfer approximations has resulted in
significant errors at high temperatures. To
estimate the magnitude of the error to be ex-
pected, a comparison was made between results
using a temperature-difference method and an
enthalpy~-difference method for computing con-
vective heat transfer on a flat plate (II1/10).

Radome Structures--The study to define the
environmental limitations of the three basic
radome materials, Pyroceram 9696, fused silica,
and aluminum for four bands (S,C,X, and K) was
continued (I11/11a). Techniques for computing
thermal stresses in laminated radomes have been
reviewed; the method based on concentric thick-
walled-cylinder theory was selected as the most
appropriate, and it is being programmed for
machine computation (III/11b).

Research and Development in Masers--A new
flux melt process for the preparatiomn of iron-
doped sapphire single crystals has been eval-
uated, and construction of two new furnaces
has been started (111/12).

Flame Attenuation Studies--While the avail-
able literature is being searched for relevant
flame-attenuation data, APL has also conducted
experiments to measure changes in the levels
of C- and X-band signals propagating through
the exhaust of a rocket motor proposed for use
in the Standard Missile (111/14).
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Thin Film Microelectronics--The continuous-
life—-test results on thin film transistors in-
dicate that the semiconductor-dielectric-inter-
face parameters must be better understood be-
fore stable devices of this type can be built
(II1/15a). An automatic thermal pulser for
trimming thin-film resistors to specified
tolerances has been fabricated, and a preci-
sion resistor probe for use with the pulser
has been designed (I11/15b). One direct-
coupled operational amplifier has been built
and placed in operation; others are currently
being manufactured (1I11/15c). A new tech-
nique has been developed for reducing the en-
croachment that occurs during evaporation mask
electroforming (I11/15d). Several microelec-
tronic circuits contracted from General Elec-
tric were received and tested (11I/15e).

Semiconductor Microelectronics--The first
volume of the Microelectronics Engineering
Handbook is scheduled for printing during
July (i111/16a). Work toward the development
of a semiconductor microelectronic frequency
divider using micropower circuitry is continu-
ing (I11/16b).

Radiation Damage Studies--Studies have been
made of the effects of radiation on insulated~
gate, thin-film, cadmium selenide transistors
(111/17).

Advanced Warhead Supporting Research--In
the analysis of guidance and fuzing, an attempt
was made to improve the relevance of effective-
ness analysis by reviewing the performance of
guidance and warhead fuzing systems of the
Terrier, Talos, and Tartar missiles, using data
obtained during missile test firings. The
limitations of the information gathering tech-
niques preclude obtaining satisfactory descrip-
tions of guidance and fuzing error functions
from this source (111/19a). Exploding wires
are being considered for use as initiators of
intermediate and secondary explosives. Experi-
ments have been planned to study the shock
waves from exploding wires (III1/19e). Long
exploding wires are being considered as a
means of line initiation of explosives to avoid
the use of sensitive explosives as initiators,
achieve directional explosive patterns, and
generally improve initiation and detonation of
explosive warheads. Experiments are under way
to determine the amount of energy required to
just melt and also to just vaporize copper
wires of various lengths (III1/19f).

Adaptive Stabilization Computer-—-A new pro-
cedure has been developed for predicting an
unknown stationary process (II11/23).

U-RQR/65-2
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RESEARCH AND EXPLORATORY DEVELOPMENT
LFSW System Studies A22BMT

Support: RM-2 (BuWeps)

D. M. Michaud

April - June 1965

/3

SIGS MOBILE OPERATION AND SUPPORT
CENTER

Certain operational and handling diffi-
culties which became evident during prepara-
tions for the March flight test, resulted in
the decision to integrate all SIGS support
equipment into a semi-trailer to serve as a
mobile operation center for SIGS/Sergeant
tests (Fig. 1). The SIGS support van contains
all SIGS support consoles, a SIGS flight test
package (SIGS mounted in sergeant warhead) on
a specially designed pneumatic dolly, cable
reels to stow three 600 foot cables, and work-
ing and office space. The forward section of
the trailer was partitioned off and equipped
with a communication network which serves as
SIGS operations and flight control center.

The intent was to be as self sufficient as
possible and provide the capability of moving
from one location to another with minimum
time and effort.

SUMMARY

The van used for this purpose is 319 inches
long, 96 inches wide, and 93 inches high. The
floor plan showing the installed equipment is
presented in Fig. 2. It is equipped with air
conditioners, heaters, and florescent lighting.
The trailer was delivered to APL in early
April and by mid-May SIGS operations were
being conducted from the van after the follow-
ing modifications and provisions had been in-
corporated:

1. Reworked the air conditioners and provided
a "'squirrel cage" fan for compressor cool-
ing to decrease noise level. Further
soundproofing was provided by completely
enclosing all air conditioning units.
Partitioned off the forward section of the
van for an operation and flight control
center which provides a desk, file, and
communication center.
3. Modified all fluorescent lighting to oper-
ate on 60 cps.

Trnatnlled 80 angd 40
1NS5Ta1a2CG Sv andG

and distribution.
5. Installed and shock mounted all of SIGS
support consoles:

N

i

n - A2 noawer fugino
400 cycle power fusing

a. Alignment Console (Norden built).

b. Instrument Console and Fire Control
Computer (APL built).

c. Power Supply Console (APL built).

d. Monitor Console (APL built), which con-
tains a digital/analog clock for time
correlating the data gathered.
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Fig. 1 SIGS Mobile Support Van. (76558)

Installed three cable reels to stow ex-
ternal cables while in transit.

Designed, fabricated, and installed a 1

ton crane capable of loading and unloading
the SIGS flight test package and dolly.
Designed and fabricated a special four
wheel pneumatic dolly for handling the SIGS
flight test package.

Designed, fabricated, and installed a com-
munication system consisting of speakers,
headsets, and a ''master control” with a mi-
crophone capable of providing voice communi-
cation among four stations up to 500 feet.
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60 AND 400 CPS POWER AND
COMMUNICATION

SIGS/ALIGNMENT
CONSOLE
CABLE ACCESS

Fig. 2 Top View of SIGS Support Van. (76559)

FUTURE PLANS

The van has thus far successfully supported
SIGS operations at APL and Sperry Utah in Salt
Lake City, Utah. Future plans for the SIGS

at Sperry Utah and WSMR. In late March, it

was decided to conduct a major proportion of
the next flight preparation work at APL. Be-
cause of the schedule and number of places dif-
ferent phases of the operation would take place,

support van are to support a SIGS flight aboard
a Sergeant missile at WSMR in July.

BACKGROUND

The requirements for a SIGS support van
became evident as a result of operations that
took place in February and March of this year

UNCLASSIFIED

it was decided that a self contained, mobile
unit containing SIGS and all support hardware
would be very desirable. This van satisfies
the above-mentioned requirements. Setting up
the van upon arrival at a site is relatively
simple, consisting only of hooking up van
prime power, and unreeling and connecting the
three 600-foot cables between the SIGS flight
test package and the SIGS alignment console.

[11/3
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RESEARCH AND EXPLORATORY DEVELOPMENT 111/7
Adaptive Systems Design and Analysis A32CLM
Support: RMGA (BuWeps)

H. R. Bittner

April - June 1965

ADAPTIVE SYSTEMS

The adaptive mechanisms program is one of
research directed toward improved methods of
data processing with special emphasis on use of
techniques found in living organisms.

SUMMARY

All experimental development work has been
concentrated on the boundary tracking optical
perception system. The solid state resolver
mentioned in the previous report has been re-
duced to practice as a single quadrant re-
solver. An adequate video signal has been
achieved, and video processing circuitry is
being developed to accumulate the first moment
of lighted area around the two axes of the
video raster. These moments will be used as
rotational commands for the solid state re-

solver. The resolver will, in turn, rotate the

raster until the moments of lighted area are
nulled.

Information from the digital computer simu-
lation of the boundary tracking process has
been received, and evaluated. The conclusions
form the basis for some system design changes
that are being initiated.

In the sequence recognition network portioﬁ
of the system, a basic network element has been
developed that is not sensitive to the time
spacing of sequential events. Time sensitivity
was the shortcoming of the first design, and
further development was continued. This basic
network element has been tested and accepted as
a functional standard to be used in the system.
Circuit design considerations are being made to
simplify the hardware requirement and maintain
the standard performance of the element.

FUTURE PLANS

During the next quarter, experimental de-
velopment of a number of the basic network
elements connected to form some simple sequence
recognition networks will be pursued. A digi-
tal computer simulation of sequence recognition
networks will be continued. The purpose of
this simulation is to study the criteria pro-
posed for sequence recognition with the intent
of optimizing the number of network elements
required to recognize various patterns.

Continuing efforts on the boundary tracking
system will include development of video proc-
essing circuitry and the logic circuitry neces-—
sary to recycle the single quadrant raster re-
solver. A logic technique for translating the
video raster has been proposed, and the feasi-
bility of using this technique will be con-
sidered.

THE JOHNS HOPKINS UNIVERSITY = APPLIED PHYSICS LABORATORY

UNCLASSIFIED

BACKGROUND

Boundary Tracking Optical-Perception Sys-
tem--In the previous report, mention was made
of a solid state resolver technique to be used
to combine the deflection voltages that rotate
the video raster. During this reporting period,
this method of raster rotation has been reduced
to practice for a single quadrant made up of
eight characteristic angles. Thirty-two angu-
lar positions will be obtained by recycling the
"single quadrant" resolver. Using this solid
state resolver requires switching and summing
deflection coil voltages of positive and/or
negative polarities. These deflection voltages
were large in amplitude owing to the deflection
coil time constants, and switching of these bi-
polar voltages became a definite limitation.
The decision was made to decrease the raster
line rate from 20,000 lines per second to 2000
lines per second in order to allow lower ampli-
tude deflection voltages to be used. This al=-
teration reduced the amount of circuitry to be
used for switching and summing the deflection
voltages within the solid state resolver. The
reduction in raster line rate also increased
the average pattern recognition time by an un-
favorable factor of ten. Plans are being made
to speed up this time by using fewer raster
frames for processing the video signal into ro-
tation and/or translation commands. -

The deflection circuitry has been reduced
to practice, and a lower focus field intensity
has been determined for the lower raster line
rate (2000 lines per second). Adequate video
signal has been achieved, and circuit design
considerations are being worked out for the
video processing section of the system. 1In
this section, first moments of lighted area
about axes parallel and perpendicular to the
raster lines must be computed from the video
signal. These moments will be used as feed- '
back to the single quadrant resolver and to
the logic that calls for translation of the
video raster with respect to the object bound-
ary.

A digital computer simulation of the
boundary tracking process is near completion.
A set of criteria for translation and rotation
has been selected which makes the tchance of
losing acquisition low and provides sufficient
data for identification of the pattern most of
the time. Of eleven patterns tested, all can
be identified with reliabilities of 74 to 100.
Seven of these patterns can be identified for
size scalings of one-half size to full size
of the sensitive area of the vidicon mosaic.
Five of these identifications have reliabili-
ties close to 100 percent, the other two being
85 and 92 percent. The remaining four pat-
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terns were identified at maximum size scaling
with reliabilities of 74, 80, 92 and 100 per-
cent. It was found that tracking is simpli-
fied if rotation and translation of the video
raster are allowed simultaneously, and if ro-
tation by increments larger than 11,25° are
used to null the larger moments. These tech-
niques are being considered as part of the
system design.

During this reporting period, a basic net-
work element has been developed that is non-
sensitive to time spacing of events. Time-
spacing independence was achieved by using a
three-bit up-down counter as a memory device
to accumulate preceding event stimulation.
This method provides eight levels of input in-
formation to which a different width output
pulse of standard amplitude is assigned. Six
of these basic network elements have been fab-
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ricated to be used in the development of basic
sequence recognition networks. A digital com-
puter simulation of sequence recognition net-
works is being pursued for the purpose of op-
timizing the number of basic network elements
needed in recognizing a given sequence of
events. This computer simulation, which is
based on a simplified representation of the
basic network element, will also be used to
test the criteria set up for sequence recogni-
tion. It has been recognized that if the
number of basic network elements required to
recognize a sequence can not be minimized, then
the number of active components and size of
these basic elements will be an objectionably
large part of the system. This possibility has
encouraged further development of the basic
network element to include a simplified circuit
design and maintain all of the features of the

standard element now in use.

L
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RESEARCH AND EXPLORATORY DEVELOPMENT 111/8a
Airframe Structures - Hypersonic Flight A33BBE
Support: RMGA (BuWeps)

M. B. Tate

April - June 1965

RADOME NOSECAP THERMAL STRESSES

Because it furnishes the initial conditions
that play such an important role in the overall
behavior of a radome, the radome nosecap is
being studied as part of the investigation of
thermal stresses in radomes.. The principal
structural questions around the tip are con-
cerned with stress concentration, body re~
straints that affect subsequent parts of the
radome, and the removal of analytical discon-
tinuities that distort numerical results,

SUMMARY

Component thermal inputs were analyzed and
reported in Refs. 1 to 9 inclusive. Defini-
tions for dimensions and displacements are
shown in Fig. 1, and typical results are plot-
ted in Figs. 2 and 3. The orthogonal compo=
nents of stress are denoted by Oge o¢, Og, and

the displacements by u and w. Their positive
directions are shown in Figs. 1 and 3. To ob-
tain nondimensional curves, the results are
plotted as the ratios OR/OO, a¢/oo, Oe/co,

u/uno, and w/uno, where ao = Eco and U=
Rn‘o with E being the tensile modulus of elas~
ticity (psi) and Eo the thermal expansion at

the nose (in/in).

It is necessary to obtain a synthesis of
these solutions in conjunction with the results
for the radome wall to determine the inter~
action between the two parts. The effects vary
continuously along the span to the joint be-
tween the radome wall and the missile body,
which imposes further restraint that must be
evaluated in order to compute the critical
stress and deformation governing the usable
strength of the radome,

FUTURE PLANS

It is planned to combine the solutions thus
far obtained with those that describe the wall
and body-joint structural behavior. 1In this
way, the stresses at any point can be examined
and the maxima ascertained to provide design
criteria as well as means to review strength
and displacement requirements.

BACKGROUND

The high temperatures and thermal gradients
to which guided-missile radomes are exposed
have proved to be a continuing problem in ra-
dome design and strength assessment. Both
theoretical and experimental programs have been
proposed or are under way in efforts to meet
the recurring need as faster missiles and
larger vehicles enter the development phase,
or as altered missions and new operational
requirements are devised for existing weapons.
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v, w = DISPLACEMENTS OF A POINT

Fig. 1 Nosecap Dimensions. (76515}

DISCUSSION

In the study of stresses induced by inten-
sive heat that changes considerably along the
length of a radome owing to aerodynamic fac-
tors, it was found that several solutions are
needed in order to define adequately the arbi-
trary temperature variations that must be in-
cluded.

The contribution that changes through the
thickness without lengthwise variation is ex-
amined in Ref. 1; the classical solution for
axial symmetry is described in Ref. 2.

The temperature variation along the radi-
us of any cross section is treated in Ref. 3,
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while the case when the longitudinal stressges
are paramount is dealt with in Ref. 4. A
self-contained solution is found in Ref. 8
for dimtributions that vary in any fashion
through the thickness and have a cosine vari=-
ation along the span.

The problem that presents the greatest ana-
lytical difficulty is approached with the error=
collocation method in Ref. 6. Exact solutions
were later developed for this problem in Refs,

7 and 8. The first of these (Ref. 7) 1s nu=-
merically easy to apply in the first half of
the angular range (between 0° and 45°),
whereas the second one (Ref. 8) is convenient
for numerical work in the second half (from
45° to 90°).

Reference 9 was derived to include defini=~
tion of the causative thermal expansion within
the formulas for stresses and displacements.
This solution also is self-contained, and two
expansions were compared graphically in the re-~
port. These results are shown here in Fig. 3.
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STRUCTURAL DEFORMATION BEHAVIOR
AT HIGH TEMPERATURES

Peformance requirements of hypersonic mis-
siles impose severe environments on the air-
frame structure, while at the same time they
require high structural efficiency to minimize
weight. Under these conditions, it is neces-
sary to consider structural behavior in a more
complete manner than is often done. The cur-
rent studies are aimed at a better understand-
ing of the transient deformation that takes
place under rapidly varying stress and tempera-
fure conditions and the effect these tran-
sients have on the load-carrying capability of
the structure.

SUMMARY

Over fifty specimens of the titanium alloy
Ti-13V-11Cr~3A1 have been tested to study high-
temperature structural behavior. Thermal ex-
pansion characteristics, instantaneous stress-~
strain relationships, and time-dependent defor-
mation behavior (creep) were measured for tem-
peratures up to 2500°F. Additional tests
measured specimen deformation under conditions
of varying stress and temperature.

R The results of the four thermal expansion
tests are shown in Fig. 1. The average value
for the coefficient of expansion is 7.5 x

1076 in/in/°F. This is approximately one third
higher than other published information (Ref.
1). The possible reasons for this difference
are being checked.

Results of a typical set of creep tests
are shown in Fig. 2. Similar sets of creep
tests were run for temperatures between 500°
and 2500°F. For the very short times used in
these tests it is possible to express the creep
rate as a function of temperature, stress, and
accumulated creep strain.

Figure 3 shows the conditions of varying
temperature and stress that were used to study
transient deformation. The results of 12
tests are shown in Fig. 4, where the total
measured deformation is made up of elastic,
plastic, time-~dependent, and thermal strain.
The material characteristics of thermal ex-
pansion, stress-strain relations, and creep
behavior are being used to correlate predicted
and measured deformation. Thus far the results
of these studies show that the actual strain
lags behind predicted values during periods of
changing temperature and stress. This behavior
could be important in determining maximum
values of stress in airframe structures.

FUTURE PLANS

Analysis of the transient conditions will
continue in order to verify differences in the
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predicted and actual materials behavior. Docu-
mentation of these results will include ex-
amples of the effect of these differences on
thermal stress in typical airframe structures
and will make recommendations as to the type of
materials testing required to perform complete
structural analysis. ’

BACKGROUND

The high-performance missiles of the next
generation will require more efficient struc-
tural systems. In addition, internal and
external profiles will be extremely critical
with respect to change in shape. 1t will be
necessary, therefore, to conduct a more com-
plete structural analysis of the missile air-
frame and to consider many more modes of be-
havior in order to design a vehicle to meet
these requirements. Such analysis requires
complete information on the behavior of the
structural materials to be used and a mathe-
matical theory that is compatible with this
behavior.

There is now a wealth of experimental data
on the mechanical properties of common engi-
neering materials, and many solutions exist
for the stress analysis of complex structures.
Difficulties exist, however, in the actual
solution of practical problems, for most of the
data and analysis techniques are geared toward
solution of elastic, linear, and equilibrium
problems. The problems associated with the
high-performance vehicles encompass inelastic
behavior, nonlinear load and material charac-~
teristics, transient envirommental conditions,
and time-—dependent material properties.

Since even the simplified approaches to
the solution of these problems for complex
structures are quite time consuming, it is im-
portant that the limitations on the accuracy of
such solutions be understood and, in fact, the
method of analysis must be tailored to yield
acceptable results for the particular problem.
In order to do this,knowledge must exist, at
least in a general way, of the behavior of
structures and materials under conditions simi-
lar to the actual problem. This is true even
if an exact mathematical solution is not avail-
able to use these data. The current studies
are designed to yield information on the gen-
eral behavior of structures subjected to rapid-
ly varying states of stress and temperature.

PROGRESS DURING QUARTER

All data for the current studies were ob-
tained during a materials test program at the

UNCLASSIFIED 111/8b

Pomona Division of General Dynamics the pre-
vious year. These raw data have been reduced,
digitalized, and punched on IBM data cards.

This facilitates automatic plotting of creep
‘data and enables the computer to assemble data
from different tests and to develop and plot
isochronous stress-strain curves. Creep strain
histories have been plotted for 22 tests, rang-
ing from 1000° to 2500°F, and isochronous
stress-strain curves have been prepared for
five temperatures in this range. Plots of

log10 (creep strain) versus log10 (time) have

been prepared for 1000°, 1300°, 1700°, and
2100°F (see Fig. 2).

Using strain data recorded during the ini~-
tial loading period of the creep tests, the in-
stantaneous stress-strain characteristics of
the material have been determined from room
temperature to 2500°F. These characteristics
are used in predicting the elastic response of
the material to. stress and temperature changes.
The coefficient of thermal expansion has been
determined for use up to 2000°F.

. The data from 12 tests of varying tempera-
ture and stress levels have been plotted, and
the common portions of the plots have been cor-
related to yield a comparative range of experi-
mental results (see Fig. 4). Numerical analy-
ses are being made in an attempt to generate
the observed values of deformation by applying
the known stress and temperature histories to
the measured material characteristics of therm-
al expansion, stress~strain relations, and
creep strain behavior.

DISCUSSION

At the present time, there is a question as

to why the thermal expansion test data do not

agree with previously published data for this
alloy (Ref. 1). The source of these data is
being checked to see if there are any signifi-
cant differences in the alloy used or in the
test procedures. The data recorded during the
initial heat-up for the creep tests are con-
sistent with the data taken for the thermal ex-
pansion coefficient measurement.

The creep test data shown in Fig. 2 are
readily usable in predicting creep strain
rates for material stressed at a temperature
of 1300°F. Similar tests were run at tempera-
tures of 500°, 1000°, 2100°, and 2500°F.
Though some sets of these data are not as uni-
form in pattern as the 1300°F set, it has been
possible to smooth the data by cross-plotting
on an isochronous stress-strain diagram. Thus,
for known values of stress and temperature, the
creep strain rate can be estimated based on the
amount of accumulated plastic strain.

In using the previously developed data to
generate total strain histories for variable
stress and temperature tests, it may be seen
that all of the deformation processes do not go
on simultaneously. That is, there are lags in
certain phases of the deformation while the
material goes through "incubation'" periods (Ref.
2). These lags have the effect of changing the
maximum values of the total strain and changing
the total strain rate. Future plans are to
study the effect of these changes on the load
carrying capability of the structure.
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VIBRATION STUDIES

In guided missile development, it is im-
portant to know the frequencies of free vibra-
tion of elastic structures and structural ele~
ments with good precision. For a missile as a
whole, the frequencies and mode shapes in
bending and torsion have a strong influence on
control system performance. Those of other
structural components such as wings, fins, and
panels are crucial for aeroelastic (flutter)
behavior in flight.

The free vibration of only the most ele~
mentary structural elements can be analyzed
"exactly," and approximation methods must be
used to estimate the vibration characteristics
of all others. The object of these vibration
studies is to develop suitable approximation
techniques and to apply them to problems of
elastic structural vibration.

The most useful approximation methods are
those which give upper and lower bounds to the
true (but unknown) frequencies. With such
bounds, it is possible to state, for example,
that the lowest frequency of a structure is
18.7 = 0.1 cps; and with the use of approxi-
mate mode shapes generated in the approximating
procedures,
estimates for the accuracy of the calculated
mode shapes themselves.

For upper bounds to frequencies the most
effective procedure is the well-known Rayleigh-
Ritz technique. For lower bounds, the problem
is much more difficult. However, recently,
Bazley and Fox have developed a family of
methods which have a wide range of applica-
bility in vibration problems of structural
mechanics. The vibration studies are concen-
trated on the further development of these tech-
niques and their exploitation in structural
vibration problems.

SUMMARY AND CONCLUSIONS

In the period covered, the bounding pro-
cedures have been applied to a variety of
problems. Among these is an ordinary differ-
ential eigenvalue problem used by Collatz (Ref.
1), Weinstein (Ref. 2), and Fichera as a test
problem for the effectiveness of lower bound
calculation techniques. These results, given
in Tables I and II, demonstrate how effectively
the method of truncation (Ref. 3) can be em-
ployed in problems of this type. The program
DETMT has been used to verify the calcula-
tions for bounds to frequencies of vibration
of free rectangular plates, and the report de-
scribing these results has been prepared.

The calculation of bounds for frequencies of
beams on partial elastic foundations has been
continued with excellent results, and a calcu~
lation program (Ref. 4) to implement a method
given in Ref. 5 has been written and tested.
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it is also possible to give similar .

FUTURE PLANS

The digital computation programs continue
t0o be used to estimate the frequencies of
elastically clamped beams and shafts. From
this basis, the investigation will be extended
to include elastically clamped plates.

Theoretical studies will continue with the
aim of developing and extending procedures for
estimating eigenvalues (frequencies), eigen-
functions (mode shapes), and related quantities
for problems in structural vibration.

A newly developed method for improving
rigorous estimates for eigenvalues of con-
tinuous elastic systems will be applied to a
variety of problems. Preliminary calculations
indicate that this method should prove quite
effective.

The approximation procedures will be
applied to plates of skew and other planforms
and to beams and shafts with attached masses.

BACKGROUND

The frequeneies of free vibration of
elastic structures are obtained as the eigen-

- values of the differential system describing

the structure. In many cases this eigenvalue
problem cannot be solved exactly, and approxi-
nation procedures must be used to estimate the
eigenvalues. The Rayleigh-Ritz method yields
estimates which are upper bounds to the eigen-
values. In order to know the error in any
approximation, it is necessary to have both
lower and upper bounds. ‘Techniques developed
by Bazley and Fox provide a means for obtain-
ing lower bounds to eigenvalues.

In applying these lower bound techniques,
one obtains a base problem, which can be re-
solved exactly and which has eigenvalues below
those of the given problem. From the base
problem, one constructs a series of inter-
mediate problems in such a way that each inter-’
mediate problem can be solved exactly and has
eigenvalues which are larger than the eigen-
values of the base problem but smaller than
those of the given problem. The eigenvalues of
the intermediate problems are the desired lower
bounds. These are obtained as the roots of

Table |
Bounds to Eigenvalues of the Differential Equation:
-u"-Ml+asinx) u=0, uw@=uw)=0

Even Symmetry Class, u(g+ x) = u(%— x); a=1.00
Intermediate Lower Bounds Rayleigh-Ritz
Intermediate Order 15 Upper Bounds
Truncation Order 25 Order 15
1 0.540314 0.540319
2 5.44864 5.44864
3 15.3126 15.3126
4 30.1150 30.1150
5 49.8533 49.8533
6 74.5268 74.5268
ki 104.135 104.135
8 138.679 138.679
9 178.157 178.157
10 222.570 222.571
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finite matrices, usually on a digital computer.
The lower bounds can be improved (i.e., made:
larger) by calculating with a matrix of larger
size.

Once sufficiently good upper and lower
bounds to. eigenvalues have been found, it is
then possible to use this in other methods,
e.g., Ref. 6, to obtain even better bounds.

DISCUSSION

An ordinary differential eigenvalue prob-
lem which is frequently used as a test problem
for the effectiveness of lower bound proce-
dures 1s given by
- u"(x) - A(1L + a sin x) u(x) = 0, 0 < x <

u(0) = u(m) = 0 ,-

where prime denotes differentiation with re-
spect to x, ) denotes the eigenvalues, and a
is a nonnegative parameter. The even and odd
symmetry classes have been considered separate-
ly. Solutions which are in the even symmetry
class satisfy

uE T - x) = u(E T+ x),
and solutions in the odd symmetry class satisfy

u(E 7~ x) = ~ulE 7T+ x) .

The base problem used in the lower bound

procedure is
- u"(x) - aux =0, 0<x<n1
u(0) = u(m =0
with the additional condition
u(d 7 - x) = u( 7+ x)
for the even symmetry class, and
u(d 7 - x) = -u(d 7+ x)
for the odd symmetry class. The eigenvalues

and normalized eigenfunctions of the base prob-
lem are given by

A= (21 - 1D® apg

o _ . _
uy —\/%-51n (2i 1)x

for the even symmetry class, and
A = (21)* and
u® =\/g sin 2i
i "V Sinoeix

for the odd symmetry class.

This base problem was used in applying
the method of truncation (Ref. 3) to give the
lower bounds which are listed in Tables I and
I1. After the formulas for the necessary
matrices had been derived, they were programmed
for the computer and used in conjunction with
the program DETMT to solve the matrix problem
and thus yield the lower bounds.

The upper bounds were obtained using the
Rayleigh-Ritz procedure. 1In this procedure,
it is necessary to perform a matrix diagonali-
zation. The digital computer was used for this
operation. The matrix which had to be diagon-
alized is denoted by (R), and the formula for
the element in the ith row and the jth column
is

1
(R),, = K2 b, + 32 ,
T e (k) 1K) P-1]

where 61j is Kronecker's delta,

a is the parameter from the original
problem,
Ki = 2i-1 for the even symmetry class,
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and Ki = 21 for the odd symmetry class.

Table I gives bounds for the first ten
eigenvalues corresponding to eigenfunctions in
the even symmetry class, and Table I1 gives
bounds for the first ten eigenvalues corre-
sponding to eigenfunctions in the odd symmetry
class for the parameter value a = 1. The lower
bounds were obtained from a 15th order inter-
mediate problem using a 25th order truncation.
The upper bounds were obtained from a 15th
order Rayleigh-Ritz procedure. In these tables,
the numbers have been rounded to six figures
and the last figure is depressed to indicate
the rounding.
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Table 1l
Bounds to Eigenvalues of the Differential Equation:
=u"=x(l+asinx) u=0, vl =umM=0

Odd Symmetry Class, u(g+ X) =~ u(g— x); a=1.00

Intermediate Lower Bounds Rayleigh-Ritz
Intermediate Order 15 Upper Bounds
Truncation Order 25 Order 15
1 2.37179 2.37179
2 9.76297 9.76297
3 22.096, 22.0967
4 39.367, 39.367,
5 61.5731 61.5731
6 88.7141 88.7142
7 120.790 120.790
8 157.801 , 157.801
9 199.747 199.747
10 246.627 246.628
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EVALUATION OF A METHOD OF
COMPUTING CONVECTIVE
HEAT TRANSFER

On many occasions, convective heat trans-
fer approximations are made using a tempera-
ture difference method. Use of this method at
high temperatures has been found to result in
significant errors. Thus, an estimation of
the magnitude of this error to be expected at
various temperatures is desirable.

SUMMARY

A comparison has been made between the re-
sults found using a temperature difference
method for computing convective heat transfer
on a flat plate and the results found using
the familiar and reliable enthalpy difference
method. 1In making this comparison, equations
used in the two methods were combined. Upon
combining the equations, it was found that the
ratio of convective heat transfer as found by
the two methods was equal to a ratio of specif-
ic heats, i.e.,

w5
uwi T

The definitions of the symbols are pre-
sented in the nomenclature which follows. When
Z = c;, the heat transfer computed by the two

methods is equal. A comparison of c; and Z at

different temperature levels will indicate the
variations to be expected between the two
methods of computing heat transfer.

Taking the temperature difference (Tr - Tw)

as a parameter, values of Z may be determined
for different mean temperatures. Considering
all temperature-to-enthalpy conversions for 1
atmosphere of pressure, the values of Z and cp

were determined and are presented in Fig. 1.
Since the ratio of ¢ to Z indicates the heat

transfer variation between the two methods,
this ratio was determined and is plotted in
Fig. 2. The data of Fig. 2 indicate that for

a mean temperature of 4000°R, the variation in
heat transfer results may exceed 30 percent for
large differences between Tr and Tw' Surpris-

ingly, this is not true for a mean temperature
of 5000°R. Also, in the lower mean tempera-
ture range (below 3000°R) the two methods ap-
pear to agree within 5 percent for all values
of (Tr - Tw) considered.

BACKGROUND

Much work has been performed to demonstrate
the accuracy of the reference enthalpy method
using an enthalpy difference to compute convec-
tive heat transfer. However, the writer is not
aware of any work that presents a comparison of
results obtained using this method to those us-
ing a temperature difference method. Even
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though it is somewhat academic to make this
comparison, in some cases temperature differ-
ences are used to make approximations of the.
convective heating and an estimate of the error
involved in such approximations would be valu-
able. Therefore, an attempt was made to com-
pare the results obtained by the two methods.

DISCUSSION

The study presented below was performed us-
ing flat-plate laminar boundary layer equa-
tions since they are the most familiar and
easiest with which to work. A similar proce-
dure could be used to define errors associated
with the turbulent boundary layer equations.
The two methods of computing the convective
heat transfer are presented, followed by a com-
bination of equations from the two methods to
arrive at one expression for comparing results.

Temperature Difference Method--The tempera-
ture difference method of computing convective

5000
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heat transfer to a surface is based on the equa~

tion:
r (T = T - 1)

the recovery temperature;Tr,

h, (T

Qp =
In this equation,

is determined from a recovery enthalpy, and

the local static pressure using the data of
Hansen (Ref. 1), The recovery enthalpy 1s com=-
puted from the equation:

2
Vi
ir=11+r-§-g—J,
the recovery factor, is determined

(2)

where r,
from

r = ¥YPr*
The convective heat transfer coefficient,hT,of

Eq. (1) is computed from the expression:

*
hy = 0.332 (Rex)®*3 (prx)0-333 KX
which is for laminar flow over a flat plate
and is derived in Ref. 2. Here the values
followed by the superscript * are evaluated at
a reference temperature which 1s determined
from a reference enthalpy defined as:

€))

i* = 0.5 iw + 0.28 i1 + 0.22 i, (4)
Using the values described above, the convec~-
tive heat transfer can be computed by Eq. (1).

Enthalpy Difference Method--The enthalpy
difference method of computing convective heat
transfer may be described in a similar manner.
It is based on the equation:

a = h (A -1) . ©)

The recovery enthalpy is found using Eq. (2)
and the recovery factor is again computed by

= YPrx ,
The convective heat transfer coefficient is
computed by:

hy = 0.332 (Re*

0.333 _k*

)0.5
xc;

(Prx) (6)
which is also for laminar flow over a flat
plate and is derived in Ref. 2. Again the
starred values are evaluated at a reference
temperature which is based on the reference
enthalpy defined by Eq. (4). With the above
method the convective heat transfer can be com-

puted using Eq. (5).
Combination of Methods-~-The variations be-

tween results obtained from the above described
methods can best be studied by first combining

Egs. (3) and (6)
By
Fi-=C;~ (7)
Define Z as:
i, - iw
Z F =T (8)
r w

which has the appearance of a constant specific

heat. Next, Egs. (1) and (5) can be combined
to give -
ap  hg (T, - T,)
Tl R w i ©
Substituting Eqs. (7) and (8) in (9) results in
ar _ %
— =B (10)
9y z

Equation (10) shows that when Z = c; the heat

transfer computed by the two methods is equal.
Therefore, a comparison of c; and Z at differ-

ent temperature levels will indicate the varia-
tions to be expected between Ay and aj -

A problem arises in attempting to compare 2
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and c; in that there is no common temperature
upon which these values depend. The factor c;

is obtained from the reference temperature de-
termined from the reference enthalpy of Eg.
The factor Z, on the other hand,
on only ir and iw gince Tr = f (1r) and Tw =

f (1w). Therefore, a comparison between c*

and Z can only be made if some restriction is
placed on T1 or 11 If the assumption is made

that the local temperature Tl equals the re-
covery temperature Tr’

is dependent

(which is approximately
true in stagnation regions) then under like

pressure conditions 11 = ir and
i* = 0.5 iw + 0.5 ir
or .
i* = 1m and T* = Tm .
Now, taking (T - T ) as a parameter,

values of Z can be determined for different
values of T Considering all temperature to

enthalpy conversions for one atmosphere of
pressure, the values of Z and c_ were deter-

mined and are presented in Fig. 1. Since the
ratio of cp to Z indicates the heat transfer

variation between the two methods, this ratio
was determined and is plotted in Fig. 2. The
very large differences at 4000°R may possibly
be explained by the large change which occurs
in cp above this temperature (see dashed

curve in Fig. 1); however, no explanation is
available for the results found for 5000°R.

Nomenclature

< Specific heat of air (Btu/lbm°R)

g Acceleration due to gravity (32.2 ft/secz)

(lbm/lbf)
h°' Convective heat transfer coefficient

(Btu/ftzsec°R) )
i  Enthalpy (Btu/lbm)

1r + iw
im Mean enthalpy = — (Btu/lbm)
J Joule's constant (778 ft 1bf/Btu)
k Thermal conductivity (Btu/ft sec®R)
q Convective heat transfer (Btu/ftzsec)
r Recovery factor
T Temperature (°R)
T, + Tw

T, Mean temperature = 5 (°R)
v Velocity (ft/sec)
X Reference length (feet)

Re Reynolds number = 3%5
uc
Pr Prandtl number = —RB
. ir - i
Tr - Tw

_Subscripts

T Values used in the temperature difference
method

Values used in the enthalpy difference
method

Recovery

Wall condition

Local condition

Reference condition.

REFERENCES

1., C. F. Hansen, Approximations for the Thermo-
dynamic and Transport Properties of High
Temperature Air, NASA-TR~R-50, 1959.

2. L. B. Weckesser, "Evaluation of a Tempera-
ture Difference Method of Computing Con-
vective Heat Transfer,'" APL/JHU EM-3965,
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RESEARCH AND EXPLORATORY DEVELOPMENT (11/11a
Radome Structures A33GBBE
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R. P. Suess

April - June 1965

LIMITATIONS OF RADOME MATERIALS

Although considerable data are available
on radome materials, any many radomes have
been constructed, the overall environmental
limitations of various radome materials are at
the present time unknown. In the context of
ever-increasing speed, and thus increasingly
severe environments, the problem assumes added
importance. A systematic study to establish
the limits of existing radome materials will
thus be a valuable contribution.

SUMMARY

A study to define the environmental limi-
tations of the three basic radome materials,
Pyroceram 9606, fused silica, and alumina for
four bands (S, C, X, and K) has been continued
and considerably advanced over the past sev~
eral months. Work during this period has en-
compassed two areas:

1. Maximum temperature studies defining sur-
face melting conditions

2. Velocity limit studies for determining the
maximum velocity history permissible if the
maximum allowable thermal stress is not to
be exceeded.

A number of maximum temperature studies
have been completed, and the necessary data
have been obtained to generate a series of
graphs which define the velocity and time-~to-
surface-melting for all materials, thicknesses,
and launch angles considered in this study.
These graphs {(of which Fig. 1 is an example)
were generated considering straight-line tra-
jectories employing linear velocity-time his-
tories.

A computer program, capable of computing
the velocity history which must not be exceeded
if thermal stress failures are to be avoided,
has been developed and has been "proven in" by
several check runs. The program has been used
to generate the data shown in Fig. 2. The
dashed curves in this figure represent data
computed by the new program. The solid line
has been superimposed to represent the velocity
limit beyond which thermal stress failures will
occur.,

A considerable effort has been expended in
defining the electrical limitations of the
radome materials. This work has resulted in
establishment of a criterion for the 1limit
evaluations and the establishment of rapid cal-
culation methods. Utilizing the data from the
maximum temperature studies described above,
work is now beginning on generating actual
electrical limitation results.

FUTURE PLANS

In the immediate future the radome limita-
tions work will entail examining the velocity-
time plots for surface melting (see Fig. 1) for
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their validity as limits when other than
straight line velocity-time histories are con-
sidered. Other velocity-time histories, such
as those defined by a high acceleration boost
and moderate acceleration sustain system will
be considered. In addition, a large number of
velocity limit graphs indicating thermal stress
limits (Fig. 2) will be generated for defining
the maximum velocity which can be flown before
a thermal stress failure will result. A large
number will be necessary since each material,
thickness, and launch angle must be considered
separately. Work will also continue on de-
fining the electrical limitationms.

BACKGROUND

A need was recognized by the Bureau of
Naval Weapons, RMGA, for definition of the en-
vironmental limits of the three basic radome
materials in use today: alumina, fused silica,
and Pyroceram 9606. Thus, an effort was
funded to define these environmental limita-
‘tions. Prior to the work described in this re-
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port, effort has been expended in the follow-

ing areas:

1. Determination of the effect of boundary
layer transition on thermal stress.

2. Determination of the difference between the
results of one~dimensional and two-dimen-
sional studies. ' .

3. Definition of the properties of the three
radome materials as a function of tempera-
ture up to the softening or melting point
(see Ref. 1).

The results of these items have been reported
in previous progress reports.

DISCUSSION

The maximum temperature studies defining
the surface melting conditions were performed
utilizing the calculation techniques described
in Refs. 2 and 3. These references describe a
computer program which will simultaneously
analyze the temperatures and thermal stresses
in radomes. The value of a series of graphs
such as shown in Fig. 1 is that the time-to~
surface-melting can be predicted for any of
the three materials, any of the four bands,
any feasible acceleration, and any launch angle
desired. Each of the graphs is based upon
straight-line (linear altitude-versus-range
history) trajectories.

As an example of the use of the graphs,
consider Fig. 1. Suppose it is desired to de-
termine the time-to-surface-melting for a Von
Karman Pyroceram 9606 C-band radome flown on a
straight-line trajectory having a 20° launch
angle and a linear velocity history as indi-
cated by the dashed line in Fig. 1. The time-
to-surface-melting is easily read from the
graph to be 10.6 seconds. The velocity at
initial surface melting is 6600 fps. It is
expected that this series of graphs will be ex-
tremely useful since a large amount of data can
be presented 'in only 12 graphs; one for each of
the three materials and its four bands.

UNCLASSIFIED

The results shown in Fig. 2 were generated
by the velocity~limit computer program which
computes the thermal stresses resulting from
an initial velocity history and upon reaching
a pre-defined allowable stress automatically
converts to defining velocities as a function
of time that will maintain the thermal stress
at the maximum allowable level. The dashed
curves in Fig. 2 represent actual output from
this program. The solid line superimposed on
the upper limits of the dashed curves repre~
sents the maximum velocity which must not be
exceeded if a thermal stress failure in the
radome is to be avoided. This plot can be used

by first matching material, band, and the

launch angle of interest with the proper plot.
One then plots the particular velocity=-time
history on the graph. 1If the particular ve-
locity~time history of interest does not ex=-
ceed the solid curve, no thermal stress fail- ¢

-ure will result.

A significant effort has been spent on the
electrical maspects of the radome limitations
work. To date this effort has been devoted to
determining the criteria by which the limits
will be defined and developing rapid computa~-
tional techniques for generating actual re-
sults.

REFERENCES

1. D. L. Coble and L. B. Weckesser, "Elec-
trical, Mechanical, and Thermal Properties
of Alumina, Fused Silica, and Pyroceram
9606" (Unclassified), APL/JHU EM-3926, 24
November 1964.

2. D. W. Fox, H. Shaw, Jr., and J. Jellinek,
"Numerical Approximations in Heat Trans-
fer Problems and Usage of IBM 7090 Com~
puter for Solutions" (Unclassified), APL/
JHU CF-2954, 17 May 1962.

3. R. P. Suess, Additions and Improvements to
the APL IBM 7094 Heat Transfer Computer
Program (Unclassified); APL/JHU TG-602,
September 1964.
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RADOME STRESSES

The aerodynamic heating associated with
high-speed flight induces large thermal
stresses in the structures of interceptor
missiles. Conditions are particularly criti-
cal in the radome of these vehicles, where
heat-transfer rates are high and the ceramic
materials used behave in a brittle manner. As
a result, it is necessary to develop analytical
methods which accurately predict the radome
thermal stresses.

SUMMARY

Techniques for computing the thermal
stresses in laminated radomes similar to that
shown in Fig. 1 have been investigated. The
methods studied are based upon shell theory,
thick-walled cylinders combined with membrane
theory, and concentric thick-walled cylinder
theory. The latter was concluded to be the
most appropriate and is being programmed for
machine computation. Laminated radome con-
figurations that have been studied to date in-
dicate that the critical stresses occur in the
axial direction when the ratio of the radius
to thickness is small.

FUTURE PLANS

Tests will. be made on laminated cylinders
and cones using quartz lamps as a heat source
to substantiate the theoretical results. As
soon as the method is programmed and checked
out, it will be used in studies to determine
the optimum configurations for laminated ra-
domes. It will also be used to determine the
importance of the temperature dependence of the
modulus of elasticity in homogeneous radomes
with thermal gradients.

BACKGROUND

The work reported is part of a larger pro-
gram to develop hypersonic structures and
establish the limitations of radome materials.
Slip cast laminated radomes are currently be-
ing developed by several companies. The great-—
er electrical bandwidth and lower cost ad-
vantage which these radomes have in comparison
to solid configurations have been discussed in
Ref. 1. It has been necessary to develop
analytical methods for predicting the thermal
stresses in these laminated designs to estab-
lish their limitations and determine their
structural merit relative to homogeneous solid
wall construction.

DISCUSSION
The greatest thermal stresses in ogival
radomes appear to occur in the region where the

aerodynamic flow undergoes a transition from
laminar to turbulent conditions (Ref. 2). The
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ratio of the radius to the wall thickness at
this point is usually so small that signifi-
cant errors result if thin-shell theory is
used to predict the stresses. The theory of
elasticity solution for thermal stresses in a
thick-walled cylinder {(Ref. 3) has been found
to be in acceptable agreement with limited
test results on aerodynamically heated radomes
{(Ref. 4). 1t would be expected that the criti-
cal stresses in laminated radomes would also
occur in the tramsition region and that they
could be predicted by a modification of the
thick-walled solution.

The theoretical methods which are being
studied for computing the stresses in laminated
cylinders are as follows:

1. Nonhomogeneous thin-shell theory,

2. Thick~walled cylinder core with membrane
faces, and

3. Multiple concentric thick-walled cylinders.

The first of these theories is the most simple
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and is able to handle the variable elastic
modulus of the laminated cylinder. However, it
does not give the radial stresses (which may be
important in producing delamination) and is
very inaccurate for the small ratios of radius
to thickness which occur near the nose . of an
ogive. The theory for the thick-walled cylin-
der core with membrane faces results in a
closed form solution, but the expressions for
the stresses are lengthy and time consuming

in hand calculation. The results are in rea-
sonably good agreement with the third (and

most accurate) method which is not suitable

for hand calculations.

The concentric thick-walled cylinder ap-
proach has been chosen for use in further ra-
dome studies because of its greater accuracy
and generality and is currently being pro-
grammed for machine computation. It is best
explained by referring to Fig. 1. The lam-
inated cylinder is divided into an arbitrary
number of concentric cylinders with a constant
modulus of elasticity within each region. The
stress and deflection equations from Ref. 3 for
a thick-walled cylinder are applied to each of
the concentric cylinders. These equations con-
tain two constants of integration for each of
the concentric cylinders., These are evaluated
by equating the radial stresses, or, and the

displacements, u, at each of the interfaces be-
tween the cylinders. The radial stress is also
required to equal the applied pressure at the
inner and outer radii of the composite cylin-
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der. The axial stresses are determined by
satisfying the requirement that the resultant
axial force is zero. The method is general and
may be used to analyze thick-walled homogeneous
cylinders where there is a significant varia-
tion for the temperature-dependent modulus
through the wall.

To date, studies of sandwich radomes have
indicated that the axial stresses are more
critical than those in the circumferential
direction. However, it may be possible to
minimize these stresses by an optimum choice
of the densities and thicknesses of the lami-
nates.
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MASER RESEARCH PROGRAM

The development of a wide band cavity maser
technique would have application in communica-
tion systems, radar and radio astronomy, and
advanced missile-systems where very low noise
microwave amplification is desirable for im~
proving system performance. Initial experi-
mental efforts have been made at X-band. A
continued objective of the program is the ex~
tension of any promising results, especially
with the zero-field maser technique, to masers
operating with paramagnetic powders in little
or no magnetic field and possibly in the higher
microwave and millimeter wave ranges. Impor-
tant applications to missile radiometry would
be possible in this part of the spectrum.

SUMMARY AND CONCLUSIONS

The main problem at present is the prepara-
tion of a ferric corundum powder with optimum
iron concentration having maser properties
similar to those of the crushed flame grown
boule. Since experimental runs have been tem-
porarily suspended because of a move to newer
and larger laboratory quarters, activities in
this program have been. confined to assessment
of a new flux melt process for the preparation
of iron doped sapphire single crystals and to
the design, construction, and test of a spe-
cial oven with capabilities to 1700°C. The
higher temperature required during the second
stage calcining of the ferric aluminum sul-
phates is expected to give the powder samples
the increased density and conductivity charac-
teristic of the flame grown boule.

Construction of a second furnace is under
way for use in the flux melt process. With
regard to temperature, this process is more
involved since it requires the programming of
a cooling phase of 1° to 2° per hour from the
point of maximum melt, about 1280°C. This run
requires eight to ten days. Hopefully, large
thin single crystals are possible with a wide

range of Fe3+ concentration. Breadboard cir-
cuitry to accomplish this cooling program is
being assembled and checked.

Machine calculations on the IBM 7094 of the
helix parameters have been almost completed.
The practical design of a traveling wave helix
structure is now under way.

FUTURE PLANS

Comgletion of the furnace with capability
to 1700°C will permit resumption of the iron

‘sapphire powder dopings via the sulphates and

examination of a similar process using equiva-
lent nitrate salts. Completion of the second
furnace for the flux melt process together

with the hardware for the temperature regula-

THE JOHNS HOPKINS UNIVERSITY » APPLIED PHYSICS LABORATORY )

UNCLASSIFIED

tion and cooling program should be accomplished
during the coming quarter. It should be noted
that the flux melt approach discussed in a pre-
vious report is potentially suitable for grow-
ing a large variety of doped single crystals
and could form the basis for an adjunctive
maser materials program essential to the ex~
tension of the present maser work into the
millimeter wave region. The techniques for
growing suitable paramagnetics by this process
through an outside commercial source would
generally be prohibitively costly.

BACKGROUND AND DISCUSSION

The first phase of the maser program was
initiated with the following objectives: (a)
optimize the gain-bandwidth product of a re-
flection cavity ruby maser in single and multi-
ple cavity configurations, and (b) examine the
suitability of iron sapphire as a zero field
maser material with possible adaptation of the
multiple cavity broadband techniques developed
in (a). As indicated in previous quarterly
reports and the published Refs. 1, 2, and 3,
this phase of the maser program has been essen-
tially accomplished. The present phase of the
program 1is concerned mainly with the prepara-

tion within APL of a suitable doped Fe3+ corun“
dum powder which could be used as a paramag-
netic operating either in a cavity or travel-
ing wave maser structure. 1In the zero field
mode a powder paramagnetic would allow novel
geometries in slow wave structures and would
have some advantages over magnetic field maser
operation (Ref. 4). The results of a large
number of experimental runs indicate the
feasibility of a zero field maser using an iron
doped sapphire powder. Thus far the optimum

concentration of Fe3+ appears to be in the
range of 0.01 to 0.025 percent. However, the
large amount of pump power required for inver-
sion indicates that the powdered samples are
not masering with the characteristics typical |
of the flame fusion single crystal boule.
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April - June 1965

FLAME INTERACTION WITH MICROWAVE
SIGNALS

The purpose of this program is to develop
static test methods that are useful in pre-
dicting in-flight solid-rocket-motor flame
interaction with microwave signals passing
through and around the flame.

SUMMARY AND CONCLUSIONS

Work Area I--There are two areas of work:
(a) survey work being done in the field and
independent effort towards determining the
mechanisms of the flame that alter the prop-
agation of microwave signals in the flame;
attenuation, phase, and random variations of
attenuation and phase; (b) measuring and ana-
lyzing signal change data of selected rocket
motors at C- and X-band frequencies, using
transportable equipment specially assembled
for this mission.

The effects of a rocket exhaust on micro-
wave propagation are not adequately described
by simple plasma equations. This is because
the plasma structure of the rocket exhaust is
complex, turbulent, and not accurately de-~
fined. A survey of applicable work in plasma
and flame research is presently being con~
ducted. Theoretical and experimental studies
at APL are also planned.

Work Area 1I--Signal level changes at C-
and X-band have been measured for a Standard
Missile-candidate propellant, designated ¥FDS,
using nonfocused microwave antennas located
such that propagation through the flame was at
angles of 15° and 32° with respect to the
missile centerline.

A noise-measurement test was attempted on
the same rocket motor. However, acoustical
levels at the test area caused the commercial
wideband amplifiers to generate noise which
exceeded the microwave carrier power level;
thus no useful data were obtained. The noise-
measuring system was completely redesigned to
circumvent the acoustic noise problem.

A sound recording was made for correlation
with the noise recording. No correlation was
attempted since the noise measurement was un-
successful.

New equipment has been assembled to meas-
ure - AM-FM noise that uses a field effect tran-
sistor (FET) amplifier ahead of a solid-state
amplifier, instead of the tube-model amplifier
used on the test described above. This equip-
ment has the capability of measuring FM noise
with a 9-cycle deviation at a 1250-cycle rate
(49 db) and 100-cycle deviation at a 30 kc
rate (55 db). AM noise can be measured to
~110 db level below the carrier. It uses solid-
state components wherever possible and has
other new features to minimize acoustic noise
effects.
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A paper was presented at the Interagency
Soilid Propulsion Meeting in San Francisco on
June 10. The paper, entitled, "Effects of
Flame Attenuation on Guidance System'" was
written by B. D. Dobbins and G. T. Munsterman.
It was presented by Mr. Dobbins. The purpose
of the paper was to familiarize personnel con-
cerned with propellant specifications with
basic operation of missile guidance systems,
and, more specifically, the effect of flame
attenuation, the specification of flame atten-
uation, and to clarify the meaning of the
flame noise specifications.

FUTURE PLANS

Work Area I--Effort toward determining the
mechanisms which affect propagation of micro-
wave signals through the solid-rocket motor
flame will be continued.
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Fig. 2 QA-2 Flame Interference Data.

Work Area II--Amplitude and phase noise
produced by the rocket exhaust of two typical
rocket motors flying a ballistic course will
be measured in July. The rockets are Standard
Missile vehicles specially instrumented for
flame attenuation measurements.

Methods of obtaining microwave signal flame
interaction data using small seeded alcohol
flames will be investigated.

DISCUSSION

Signal level changes of -0.4 db at C~band
(32° angle) -0.7 db at C-band, and -0.8 db at
X-band (15° angle) were measured on a Standard
Missile-candidate sustainer propellant. This
propellant was designated as FDS material,
motor number QA~2 by Allegany Ballistics Lab-
oratory. The test was conducted at the Alle-
gany Ballistics Laboratory in Cumberland,
Maryland.

A dual-band transmitting horn was designed
so that the angles through the flame and horn
position were common for the two frequencies.
A dual-band receiving parabolic reflector an-
tenna was designed to have high gain and re-
duce the effects of external reflections on
the measured data. It is expected that these
antennas will be used for any rocket motor
tests in which APL can participate in measur-
ing microwave interaction with microwave
signals.

New noise measurement equipment has been

UNCLASSIFIED

(76681)

designed and tested. 1t is housed in a box
measuring approximately 2% by 3% by 24 feet
high. Figure 1 is a block diagram of the
equipment. It consists of 120 feet of wave-
guide delay line, three magic tees, two vari-
able attenuators, two phase shifters, two
microwave balanced mixers with back diodes, a
hybrid coupler, an isolator,and various con-
figurations of transmission line. Following
the mixers is a 300-cycle high-pass filter;
following the filter, the signal is amplified
by a 30-db-gain FET amplifier. The FET ampli-
fier is connected to a l-mc bandwidth stereo
preamplifier having 60-db gain. The output of
the stereo is fed into a 300-cycle high-pass
filter and dividing network having O or -20 db
outputs to a tape recorder. Data are tape re-
corded during rocket-motor firings. The tapes
are subsequently analyzed with a laboratory
spectrum analyzer to ascertain noise levels.
Flame attenuation is also measured and re-
corded on a visicorder strip recorder.

An example of flame attenuation data for
the QA-2 motor is shown in Fig. 2.
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THIN-FILM ACTIVE ELEMENTS

The development of a thin~film triode (TFT)

for use as an active element in thin-film
microelectronic circuitry may provide a degree
of reliability in high-radiation intensity
backgrounds not yet achieved by other means.
It will also eliminate the cumbersome need to
attach semiconductor active elements to thin-
film passive networks to achieve complete cir-
cuits.

SUMMARY AND CONCLUSIONS

Chlorine doping of the cadmium selenide
semiconducting film in TFT's has been accom-
plished in three ways with comparable results.
The 40-mil-wide TFT's have had transconduc-
tances as high as 20,000 gmhos. CdSe film
thickness is monitored during deposition and
has been limited to 800A for most of the last
vacuum depositions. Selected devices have been
subjected to a continuous operation life test-
ing program which has been underway since Feb-
ruary of this year. The DC bias required to
maintain an optimum operating condition has
drifted slowly upward.

FUTURE PLANS

The life test results mentioned above in-
dicated that a detailed examination of the
physical and chemical parameters affecting the
semiconductor-dielectric interface must be ini-

tiated. It is the surface states at the inter-
face which must be neutralized by the electric
field provided by DC bias. As a direct conse-
quence 0f the observed drift in the required
DC bias, it is concluded that stable devices
cannot be produced until the interfacial con-
dition is clearly understood and stabilized.
Attention must then be focussed on this aspect
of the TFT.

DISCUSSION

In addition to the substrate surface dop-
ing followed by diffusion, mentioned in the
last quarterly report, chlorine doping has
been accomplished by the addition of either
sodium chloride or ferrous chloride to the
CdSe prior to its vacuum evaporation. Table
I illustrates the results obtained with the
various doping materials. Concentrations by
weight of these compounds in CdSe ranging from
1 to 5 parts per thousand have all been used
with success. Many other halogen salts would
probably be equally suitable. The only limi~
tation which might prove significant is the
discrepancy between the vapor pressure of the
salt and that of the CdSe in the range of tem-
peratures at which CdSe can be deposited. The
situation is not as serious as the above might
imply. Should the salt dissociate at low tem-
perature, much of the halogen might react with
the CdSe and thus be conserved until the CdSe, -
in turn, dissociated and evaporated to recom-—
bine at the substrate along with the halogen.

Table |

Results of CL Doping Experiments on CdSe TFT's

Transcon- Carrier
ductance Resistivity Mobility
Specimen.| (micromhos) (ohm~cm) (cm2/v—sec) Doping Method

DU 1000 300 6 FeCl3 surface
film (post dif-
fused)

DW 2500 100 3.5 FeCl3 surface
film (post dif-
fused)

ED 4000 9200 60 FeCl2 coevapora-
tion

EE 1000 30 3 FeCl2 coevapora-

’ tion

EF 2000 5 7 FeCl2 coevapora-
tion

EH 4000 9000 3 NaCl coevapora-
tion
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With the introduction of chlorine doping
of CdSe (Ref. 1), a major obstacle to the pro-
duction of high - TFT's has been overcome.

The principal obstacles remaining are directly
related to changes in the semiconductor-
dielectric interface and the semiconductor it-
self. Electronic states exist at the interface
which have an electric field associated with
them which penetrates a finite depth into the
semiconductor. If the states are acceptor
states, the associated electric field is such
as to prevent an applied field from modulating
the semiconductor conductivity until a suffi-
cient DC bias is applied to overcome the field
caused by the interfacial states. The density
of the surface states is a function of time

and temperature. The shift in DC bias has been
obgserved to be larger for devices under con-
tinuous operation than those which have only
been subject to short testing periods. These
results are summarized in Table II. The shifts
are probably due to the diffusion of an atmos-
pheric constituent, probably oxygen, through
the SiO to the interface. The heating result-
ing from device operation (Ref. 2) would in-
crease the diffusion rate, explaining the com-
paratively large change in those devices under
continuous operation. Also compatible with the

hypothesis is the observation that experiment-
ers using thinner Si0 films have observed rapid
deterioration of device characteristics. This
is attributable to the exponential dependence
of concentration of diffused material on dis-
tance from the surface.

Four avenues of attack on this problem ap-
pear promising. The first is to find a dielec-
tric through which the diffusion rate is re-
duced. The second is to overcoat the devices
with a thick film to increase the effective
distance for diffusion. The third is to satu-
rate the interface with states which would pre-
vent any further changes from taking place.

The fourth is to find some way of passivating
the surface of the semiconductor. An experi-
mental program will be conducted in an attempt
to find a practical and effective means of
accomplishing one of the above.

REFERENCES

1. D. Abraham and T. 0. Poehler, Bull. Am.
Phys. Soc., Vol. 10, No. 4, 1965, p. 533.

2. D. Abraham and T. O. Poehler, J. Appl.
Phys., Vol. 36, No. 6, June 1965, pp. 2013~
2020.

Tabie 11

Life Test Results for CdSe TFT's

Vg vg Continuous Vg Vg
% (initial) (fipal) Operating Time Kk (initial) (final)
Specimen (volts) (volts) (hours) Specimen (volts) (volts)
DJ 7 3.8 .0 2496 DJ 4 3.0 6.0
DM 3 4.5 7.5 2496 DM 10 4.5 .5
DN 6 3.0 5.8 2496 DN 4 3.0 6.0
DO 7 4.5 6.8 2496 DO 4 4.5 5.5
DW 9 2.5 5.6 2496 DQ 2 2.5 5.0
DR 4 4.0 5.9 2496 DR 2 4.5 5.5
DS 4 3.0 9.5 2496 DS 7 3.0 8.0
bT 4 1.5 8.5 2496 DT 1.5 7.5
DU 7 2.6 10.5 2040 DU 2.5 9.0
DV 4 3.9 11 2040 DV 4.5 8.5
DW 5 4.7 10.5 1872 DW 4.5 9.0
bX 6 3.2 10 2304 DX 3.5 7.5
DY 6 5.0 11 2040 DX 4.5 10.0

*
Specimens aged subject to continuous operation.

*ok
Specimens aged without applied power.
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RESEARCH AND EXPLORATORY DEVELOPMENT 111/15b
Thin Film Microelectronics A35CME

Support: RMGA-8 (BuWeps)

D. D. Zimmerman

April - June 1965

THIN-FILM RESISTOR STUDIES

A study of thin film vacuum deposited re-
sistors is being conducted to determine the
optimum process parameters for producing thin
film resistors with high yield, stability,
and precision. Through investigation of the
electrical, physical, and thermal properties
of these resistors, progress toward the im-
provement of passive thin film resistors for
use in missiles and missile systems is being
achieved.

SUMMARY AND CONCLUSIONS

A technical paper was prepared and de-
livered at the Fourth Annual Microelectronics
Symposium of the IEEE, St. Louis Section, May
24, 1965, on "Evaporated Single Element Metal
Film Resistors.” The paper was published in
the proceedings of the symposium. The ex-
perimental processes used to investigate the
properties of thin film resistors and the re-
sulting resistor characteristics were dis-
cussed in this paper. The major conclusion
drawn in the paper is that thin film re-
sistors made from the single element metals,
aluminum, chromium, tungsten, and rhenium
can be made to reliably satisfy almost all the
needs for resistors in thin film microelec-
tronic circuit applications.

Thermal pulsing of resistors can be used
to trim thin film resistors to a value within
specified tolerances. An automatic thermal
pulser was fabricated during this quarter and
put into service.

A universal precision resistor probe was
designed for use in conjunction with the auto-
matic thermal pulser. It will be fabricated
as soon as the drawings are completed.

Life tests on rhenium resistors have passed
the 10,000-hour mark with 100 milliwatts of
power applied. Resistors with sheet resistance
values up to 5000 ohms/square have shown a sta-
bility under load of less than 1 percent
change. Sheet resistance values between 5000
and 25,000 ohms/square have changed in value
less than 4 percent under load for 10,000
hours. Nine rhenium resistors with sheet re-
sistance values ranging from 27,000 to 55,000
ohms/square have been on shelf-life test for
13,000 hours. The resistance increase ob-~
served during this test ranges from 0.4 percent
to 1.1 percent. Rhenium resistors which were
coated with magnesium fluoride failed catastro-
phically within a 3-month period of shelf-life
testing.

The resistor life test component hours ac-
cumulated to date is summarized in Table I.
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CONSTANT CURRENT
POWER SOURCE
0-600 MA 1-20 MA .
0-600 VOLTS 0-1000 VOLTS

PERCENT AUTOMATIC
DEVIATION PULSE ELES;::N'C
BRIDGE CONTROL
THIN FILM
TEST RESISTOR
PROBE

TEST RESISTOR

Fig. 1 Block Diagram of Automatic Thermal Pulser for Thin
Film Resistor Trimming. (76538)

Table |
Total Component Hours of Resistor Load Life Tests

Resistor Material Component Hours
Tungsten
Molybdenum 1.58 million

Rhenium with MgF2

Chromium 1.19
Rhenium with SiO .36
Total 3.13 million

FUTURE PLANS

Studies of thin film resistors will con-
tinue in support of the prototype production
effort. Load-life and shelf-life tests of
rhenium resistors will be continued.

A design of an electrical test module for
l-inch~-square substrates will be developed to
accommodate breadboard packaging of 3 to 5
substrates into a unit for testing prior to
final assembly in a configuration closely
simulating the final package.
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BACKGROUND

The usefulness of thin film resistors in
microelectronic circuits is enhanced by ulti-
mate control of the process parameters which
affect precision, yield, stability, and re-
producibility. A comprehensive study has been
undertaken to investigate the electrical, me-
chanical, and thermal characteristics of thin
film resistors. The objectives of this study
are to identify and optimize these fabrication
process parameters. The first phase of this
work was devoted to evaporation of chromium
resistors on glass microscope slide substrates
coated with a silicon monoxide protective
film,

The second phase of the chromium resistor
work was similar to. the first phase and was
completed using substrates of Corning glass
number 7059 and aluminum conducting lands.
Studies of resistors in 500° C air environment
were made.

A third phase of resistor studies was in-
troduced, using rhenium metal as the evaporated
thin film resistor material. The study of
chromium and rhenium resistors is continuing
with the use of the electron bombardment evapo-
ration technique.

Solutions to variations in resistor toler-
ance on a single substrate are being developed

UNCLASSIFIED

through a study of the optical density gradi-
ents of thin films.

Automatic thermal pulsing is now being
used to trim the thin film resistors to values
within specified tolerances.

DISCUSSION

The automatic thermal pulsing equipment
which was fabricated and put into service dur-
ing this quarter consists of a constant cur-
rent power source to provide the electrical
power for the thermal pulse; a decade resist-
ance bridge to measure the resistor value;
and an electronic timer to determine the
length of time of the pulse and measure cy-
cles. Also, the necessary switching functions
are provided by relays and associated circuit-
ry. The constant current source is designed
for digital selection of direct current over
the range of 1 to 600 milliamperes in one

‘milliampere steps with 0.1 milliampere steps

below 20 milliamperes. Resistance measuring
is provided by a Wheatstone bridge with a
digital selection range from 1 to 100,000 ohms.
The percentage deviation readout is accurate
to 0.05 percent. The electronic timer has two
separate adjustments for selecting the measure
and pulse cycles independently over a range of
time from 1 to 100 seconds. A simplified
block diagram of the automatic thermal pulsing
equipment is shown in Fig. 1.
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RESEARCH AND EXPLORATORY DEVELOPMENT 111/15¢
Thin Film Microelectronics A35CME

Support: RMGA-8 (BuWeps)

L. A. Twigg

April - June 1965

PRODUCTION AND PROTOTYPE
FABRICATION

The purpose of this effort is to fabricate
prototypes of thin film microelectronic cir-
cuits for use in Navy missiles and missile sys-—
tems. The technology applied in the fabrica-
tion of these circuits is the product of the
Microelectronics Group's research and develop-—
ment program on thin-film microelectronics com-
ponents.

SUMMARY AND CONCLUSIONS

One unit of the direct coupled operational
amplifier (DCOA) has been completed and is
operating satisfactorily. ¥ive units of sub-
strate No. 1 are ready for thermal trimming.
Five units of substrate No. 2 are ready for
thermal trimming. Production on substrate No.
3 has begun. Thermal trimming is providing a
fabrication facility for obtaining close value
resistors and higher production yields.

Preliminary assembly has been completed on
the new vacuum evaporation carrousel for pro-
totype and production work. Both mechanical
and electrical debugging are under way.

FUTURE PLANS

Five units of substrate No. 3 will be com-—
pleted, and additional DCOA packages will be
ready for test.

The new prototype and production carrousel
should be ready for installation in the pro-
duction vacuum unit.

DISCUSSION

Close control of the various component de-—
sign parameters in the present thin-film pro-
duction system has been most difficult. This
is due, by and large, to inherent incapabili-
ties of the system when circuit and component
production of this caliber is considered. But,
as ip all progressive research work, capabili-
ties as well as shortcomings of equipment al-
ways raise questions and often supply answers
that would have been otherwise overlooked or
by-passed.

.Because of the physical inability within
the system to correlate monitor values with
circuit resistances, a major effort was ex-—
pended to establish as precise control as pos-—
sible over evaporation rate, times, currents,
temperature, etc. These steps resulted in a
greater number of circuits with components in
the #10 to 15 percent range, still too far
from the design values, and too low a yield,
but a step in the right direction. The ther-
mal pulsing program was initiated to determine
the degree of correction possible of filmed
and overcoated circuit resistors and to study
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the gains and losses accrued in the process.
The thermal pulsing program has been very suc-
cessful with most favorable results on rhenium
and chromium resistors. The thermal trimming
electronics and instrument design is reported
in Thin Film Resistor Studies.

The basic gains in the thermal trimming
operation can be described as follows: (a)
2 to 3 Kohm chromium thin-film resistors of a
250 ohm/square sheet resistivity have been de-
creased in value by as much as 10 to 15 percent.
For these values, trimming requires an approxi-
mate power dissipation of some three to four
watts; (b) 100 to 200 Kohms rhenium thin film
resistors of a 5000 ohm/square sheet resistiv~
ity may be decreased in value as much as 30 to
35 percent by dissipating about 4 to 8 watts
in repeated steps and more or less maintain-
ing the same power dissipation as resistance
decreases, until the resistor reaches design
value or stabilizes. Should the resistor
stabilize before final desired value is reached,
it is necessary to further increase the current
to affect a further decrease in value. It
should be noted that the maximum power dissi-
pation will produce a red glow in the resistor
path and, at this writing, no adverse affects
have been noticed when resistors are thus
treated; however, should the color approach the
orange portion of the spectrum, serious damage
to the resistor and the substrate itself may
result. The glass substrate will often crack
owing to the very large temperature difference
in such a small =zone.

A circuit read-out station has been de-
signed and installed within the production
facility. This station provides a means for
measuring the actual value of the unprotected
resistors while still at deposition tempera-
ture. This facilitates effecting a change
should the value be much larger than can be
brought within tolerance by trimming. This
unit has just been completed and is presently
under test. Upon discovery of too high a value,
an immediate second deposition can be made to
further lower the resistance value to within
reach of the thermal trimming phase. This
monitoring or read-out step and the second dep-
osition, if necessary, can all be accomplished
without breaking vacuum and necessitating
another pump down. The internal circuit read-
out station also permits continuity check of
capacitors which, if fabricated first and
checked, may eliminate the subsequently wasted
time and materials in depositing resistors on
a substrate containing imperfect capacitors.

A technique has also bcen developed in this
quarter for the salvaging of predrilled and
machined substrates on which unusable circuits
have been deposited. Chemical removal proved
to be very damaging to the 7059 borosilicate
glass substrates. A means of physical removal
was investigated. A 1.0 micron alumina powder
was applied, with water, to a felt padded lap
and the circuit was removed by polishing. No
adverse effects were noted when a second cir-
cuit was deposited on the salvaged substrate.

This simple operation, if proved to be com-
pletely successful, will save much of the
fabrication time consumed and the cost in-
volved in the selection, machining, and pre-
cision drilling of the substrates, which here-
tofore has been lost when circuits were not
within tolerance and were discarded.
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RESEARCH AND EXPLORATORY DEVELOPMENT [11/15d|
Thin Film Microelectronics A35CME |
Support: RMGA-8 (BuWeps)

G. A. Hillman
April - June 1965

EVAPORATION MASK FABRICATION

The trend toward tighter tolerances,
larger aspect ratios, and smaller patterns for
increasing component packing densities in thin-
film microelectronics makes it necessary to
improve methods of artwork preparation, micro-
photography, and metal-mask fabrication.

The thin-film evaporation mask research
and development effort is directed toward im-
provement in techniques of high quality mask
fabrication with respect to: line width,
shar of edges, thinness of edges, and
mechanical durability under prolonged use.

SUMMARY AND CONCLUSIONS

Investigation of techniques for reducing

amount of encroachment or overplating which

place during evaporation mask electro-
'ming has been continued. It was found that

the overall encroachment can be reduced from

an average of about 0.75 to about 0.40 mil

per aperture by using a double-dip coating of

a new high-solids-content, positive working

resist.

Employing the new resist makes it possible
to deposit resist films greater than 1 mil in
thickness. The thickness ranges from 28 to 32
microns. Since the masks are electroformed to
only a mil in thickness, the degree of en-
croachment is reduced.

The fact that the encroachment is not
eliminated by depositing microimages of great-
er than 1 mil in thickness seems to indicate
that after developing, the resist microimage
is not uniformly thick and that its sides are
not perpendicular to the matrix surface.

Quality of aperture edges of masks electro-
formed using the high-solids-content resist
and the low-solids-content resist appears to
be essentially the same (Figs. 1 and 2).

FUTURE PLANS

Investigation of the new high-solids-con-
tent photoresist will be continued. Efifort
will be directed toward optimizing the condi-
tions cof application, exposure, and development
of the resist in order to determine whether it
is possible to produce uniformly thick micro-
images in which the edges are perpendicular to
the matrix. If such microimages can be pro-
duced, the encroachment or overplating which
takes place during evaporation mask electro-
forming should be eliminated.

BACKGROUND

The development of a technique for electro-
forming evaporation masks directly onto mask
holders was undertaken because it was felt that
the problems of support and registration

55
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Fig. 2 Aperture Edge of Mask Electroformed Using Low-
Solids-Content Resist. (76540)

In general, effort is directed toward re-
ducing the number of photographic processing
steps in the mask fabrication procedure since
each reduction results in masks of higher
quality.

DISCUSSION

A number of photoresist materials were in-
vestigated in an effort to find a method of
depositing high-quality microimages of great-
er than 1 mil in thickness. The materials that
were investigated included Kodak Photo Resist
(Type 2), a composite coating of Kodak Photo
Resist (Type 2) over Kodak Metal Etch Resist,
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Shipley AZ-1340 positive working resist, and
Shipley AZ-340 high-solids-content positive
working resist.

Various methods of applying the resists
were used, such as whirling and pouring in
single and double coatings. Thickness meas-
urements were made of the microimages using a
Shefield electronic micrometer.

The thickest microimages deposited were 2.5
mils using a composite coating of Kodak Photo
Resist (Type 2) over Kodak Metal Etch Resist.
The edge definition was poor. The other re-
sists, with the exception of Shipley AZ-340
high-solids-content positive working resist,
yielded microimages of less than 1 mil in
thickness regardless of the method of applica-
tion. It was possible to deposit a microimage
of good quality with respect to sharpness of
edges and dimensions by using a double dip
coating of Shipley AZ-340 resist. The thick-
ness of the coating ranged from 28 to 32
microns. A l-mil-thick mask was electroformed
using this coating. It had an average overall
encroachment of 0.4 mil per aperture, as com-
pared to 0.75 mil per aperture for state-of-
the-art masks.

Microscopic examination of the mask after
separation from the matrix indicated that en-
croachment of approximately 0.2 mil occurred
on each edge of an aperture. It appears,
therefore, that the sides of the resist micro-
image are not perpendicular to the matrix sur-
face. This may be due to a drop off in den-
sity at the edges of the microimage on the
photographic plate which is used in exposing
the sensitized matrix.

A study of the condition of the edges of
the resist microimage will be undertaken. A
number of samples will be prepared at differ-
ent exposure times using a chromium pattern de-
posited on a glass plate 2 inches square in-
stead of a photographic plate (Ref. 2). The
density of the edges of the resist microimages
will be determined with a recording densitome-
ter.

If it is possible to produce sharp micro-
image edges which are perpendicular to the
matrix using metallized plates, they will be
adopted in place of the Kodak high resolution
plates.

REFERENCES

1. Symposium on Electroforming, ASTM Tech-
nical Publication Number 318, 1963, p. 19.

2. R. C. Ingram, '"Photolithographic Masks for
Integrated and Thin Film Circuitry," Semi-
conductor Products, March 1965, p. 40.

111/15d




UNCLASSIFIED

RESEARCH AND EXPLORATORY DEVELOPMENT 111/15e
Thin Film Microelectronics A35CME

Semiconductor Microelectronics A35CME

Support: RMGA-8 and RREN-4 (BuWeps)

V. Uzunoglu and G. J. Veth

MICROELECTRONIC SYSTEM
DEVELOPMENT

The Microelectronics Circuit Design Project
within the Microelectronics Group engages in
various tasks for the Bureau of Naval Weapons
(BuWeps) which are not undertaken elsewhere.
These activities are directed toward the appli-
cation of all forms of microelectronics — thin
film, semiconductor, and hybrid.

SUMMARY AND CONCLUSIONS

The microelectronic AC summing amplifiers,
modulator/demodulators, and gyro temperature
controllers were received from General Electric
Ordnance Division to conclude APL subcontract
181456, These circuits were spot checked and
the data compared to the data obtained by G. E.
Though the circuits in general fall short of
the contract specifications, in terms of the
magnitude of the task, the time schedule, and
the cost, G. E. obtained satisfactory results.

A visit was made to Melpar to check on the
progress of an all thin film AC summing ampli-
fier they are fabricating for BuWeps (RREK-4).
One unit has been fabricated and is working as
a breadboard. This unit will be forwarded to
APL for evaluation after it has been encapsu-
lated and checked out.

During the testing of field-effect tran-
sistor input stages in the particle detector
breadboard, the performance observed suggested
that these field-effect transistors could be
used to fabricate a useful phase-lock loop
arrangement with a single source if they were
properly connected with two other particle
detector circuits, a feedback pair and a semi-
conductor delay element.

DISCUSSION

Six each, summing amplifiers, modulator/
demodulators, and gyro temperature controllers
were received from General Eleciric Ordnance
Division. All the units were checked to see
if they were operative, and the units upon
which G. E. obtained data were spot checked to
verify G. E.'s data.

Summing Amplifier--Gains on this unit were
lower by a factor of 20 to 60 than the initial
contract specifications, (open loop current
gains are 150 to 450 instead of 10,000). Be-
cause of this low amplifier gain, many of the
characteristics which are functions of gain,
such as the sensitivity measurements, are not
as meaningful. These low amplifier gains are
relatively constant with temperature, and
could approach the specified gain of 1.0 %
0.03 percent if either the input or feedback
resistors were tailored.
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Fig. 2 Equivalent Circuit of the Phase Detector. (76542)

Modulator/Demodulator--Essentially, this
circuit meets most of the initial contract
specifications except for the temperature
drift. The temperature drift of the output
is about two orders of magnitude greater than
the initial specification. The offsets of
the units are kept within specification by
proper selection of a conventional resistor
in the amplifier, )

Gyro Temperature Controller--This circuit
is the best of the three circuits in terms of
the initial contract specifications. At a
given ambient temperature these circuits are
capable of holding the gyro temperature to the
+0.2 percent specified, but their nominal
temperatures vary to t10°F of the nominal
190°F specified. Assuming it is the variation
in temperature rather than the absolute temper-
ature which is important, this circuit performs
reasonably well. The nominal temperature
varies about *1°F in the chamber enclosing the
circuit and gyro for ambient temperature




UNCLASSIFIED

changes of #100°F. This variation is dependent
on the gyro temperature chamber thermal design

and the chamber used was not of the best design
with respect to the circuit mount.

Correction of the problems existing in the
three circuits would require circuit redesign
more than fabrication refinement. Use of these
circuits would require acceptance of the char-
acteristics as is, with only relatively minor
improvements resulting from fabrication re-
finements.

Actual data on these circuits in the form
of a final report issued by the Ordnance Depart-
ment of the General Electric Company are avail-
able through the Microelectronics Group.

Phase-lock loops, which ordinarily use
balanced transformers, oscillators and voltage
sensitive elements to control the voltage, can
be simplified using semiconductor elements
such as shown in Fig. 1. A phase-lock loop
generally consists of a phase detector com-
prising two field-effect transistors with a
common source, a delay element, and a two-
stage oscillator. The input signal is applied
to the two gates of the phase detector and
this is compared to a signal of E,coswt taken
from the output of the oscillator. The dif-
ference in phase of these two signals is de-
tected as a DC voltage across A-B of the phase
detector, which in turn controls the field’
across the delay element. Any variation of
the field will be reflected as a variation in
phase shift or delay to the oscillator signal
taken across the output of the oscillator.
Thus, the output of the delay element synchro-
nized through the variation of the field will
control the frequency of oscillation of the
oscillator. The equivalent circuit of the
phase detector is shown in Fig. 2.
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It can be shown that the output of the
phase detector is varying as a function of
cos®; 6 equals the phase difference. Thus, by
applying a field across the delay line as n
function of cosH, we are able to vary the fre-
quency of oscillation according to this func-
tion. 1In this case, the locus of oscillation
frequencies will be a function of cosf, assum-
ing that the delay element introduces a vari-
ation proportional with cos8. Although this
technique introduces a perfect control on the
oscillator, the variation of the oscillating
frequencies will be a function of cosf. But,
it is always possible to have a delay line
which introduces a linear delay with cos®9,

The delay element consists of a semi~
conductor region with two diffusions. (See
previous APL/JHU quarterly reports on micro-
electronic system development for discussion
of delay element.) The two outside ohmic con
tacts on this element are the control field
application points. The diffused area on the
left is used to inject the minority carriers
of the oscillating amplifier, while the right
hand junction is used to collect the minority
carriers, :

The oscillator is a double-diffused,

- direct-coupled, two-stage amplifier with two

positive inherent feedbacks which cause the
oscillations. The positive feedback paths
are shown in a dotted pattern in Fig. 2. The
output of the oscillator is fed back through
RE and the delay element to the input of the

oscillator.

Calculations indicate this circuit to be
feasible with present technigues; however,
more extensive experimental verification would
be needed.
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RESEARCH AND EXPLORATORY DEVELOPMENT 111/16a
Semiconductor Microelectronics A35CME

Support: RREN-4 (BuWeps)

W. Liben

April - June 1965

MICROELECTRONICS ENGINEERING
HANDBOOK

~ Since microelectronics is a relatively new
art, there is a serious shortage of textbooks
on all phases of microelectronics which may be
used for education and training of electronic
engineers. To remedy this situation, the prep-
aration of a volume on microelectronics fabri-
cation methods and a second volume on micro-
electronic circuit and system design procedures
has been undertaken.

SUMMARY AND CONCLUSIONS

The first volume on fabrication consists
of seven chapters. It has been completed, and
250 copies will be printed in July.

FUTURE PLANS

The second volume in microelectronics cir-
cuit design will be started in July; the mate-
rial preparation should be completed during the
next quarter.

DISCUSSION

The first volume on fabrication consists of ’
seven chapters with the following titles:

Chapter I Microelectronics
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Chapter 11
Chapter 111
Chapter IV
Chapter V
Chapter VI,

Chapter VII

The second volume is tentatively made up of

The Physics of Semiconductor
Devices and Thin Films

Fabrication of Thin-Film Micro-
electronie Circuits

Oxidation, Diffusion, and
Epitaxy

Semiconductor Microelectronic
Fabrication Technology

Thin-Film Microelectronic Com-
ponents

Components of Semiconductor
Microelectronic Circuits

the following chapters:

Chapter VIII
Chapter IX
Chapter X
Chapter XI
Chapter XII
Chapter XIII

Chapter XIV

Introduction
Transistor Theory
Circuit Design
Logic Circuits
Radiation Damage
Reliability

Devices under Developmenf
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RESEARCH AND EXPLORATORY DEVELOPMENT 111/16b
Semiconductor Microelectronics A35CME

Support: RREN-4 (BuWeps)

G. J. Veth

April - June 1965

FREQUENCY DIVIDER

This effort is directed toward the design
of a semiconductor microelectronic frequency
divider employing micropower circuitry. This
is an ambitious problem because of the specifi-
cation for low power and the requirement of
high speed.

SUMMARY

With the ultimate goal of this project be-
ing the realization of a frequency divider
utilizing micropower circuitry, the approaches
to micropower circuitry have been investigated
with respect to the capabilities of microelec-
tronics generally and the capabilities of our
semiconductor fabrication center in particu-
lar. Considering the present and near-
future capabilities of the semiconductor
fabrication center, present efforts are being
restricted to the use of minimum power cir-
cuits consistent with the triple-diffused,
junction-isolation process.

Low-power, bistable multivibrator circuits
were fabricated, but improper isolation of two
steering network diodes kept them from operat-
ing in a counting mode. Artwork for the cir-
cuit has been corrected, and new circuits are
being fabricated.

Investigations in minimum-power-circuit
configurations have led to circuit configura-
tions in which power dissipation reductions of
up to 25 percent below a binary serial divider
appear possible with little or no sacrifice in
speed.

FUTURE PLANS

As bistable multivibrator circuits become
available portions of the frequency divider
will be fabricated. Concurrent with this, in-
vestigation will continue in minimum-power cir-
cuit configurations compatible with the triple-

diffusion junction-isolation fabrication process.

DISCUSSION

The reduction in power dissipation of a
conventional discrete semiconductor logic
circuit is achieved by:

1. Lowering supply voltages to a minimum con-
sistent with desired logic levels and cir-
cuit stability.

2. 1Increasing all resistances consistent with
speed requirements.

3. . Employing minimum power circuit concepts
such as (a) transistor minimum power cir-
cuit configuration, (b) field-effect tran-
sistor minimum power circuit configura-
tions, and (c) bipolar and field-effect
transistor complementary circuits.

THE JOHNS HOPKINS UNIVERSITY e APPLIED PHYSICS LABORATORY

UNCLASSIFIED

When consideration changes from conven-
tional to microelectronic semiconductor cir-
cuits these avenues for conventional circuit
power reduction are limited according to the
fabrication capabilities available.

Minimum supply voltages are dictated by
the thresholds, offsets, and tolerances of the
circuit components being used and the desired
stability of the circuit with respect to its
intended environment. In particular, an in-
vestigation of two of the more popular micro-
electronic forms available -~ resistor capa-
citor transistor logic (RCTL) and diode tran-
sistor logic (DTL) ~-- indicates that a higher

supply voltage is required for DTL than RCTL

owing to the presence of the level shifting
diodes in DTL. The only restriction placed omn
lowering of supply voltages by the fabrication
technology is with respect to the tolerances

on components, especially resistors. 1In the
construction of conventional circuits, 5 to 10
percent resistor tolerances are common, whereas
in semiconductor integrated circuits 15 to 20
percent tolerances are more common for reason-
able processing yields.

Increasing circuit resistance is limited
by the maximum speed of operation and by the

. leakage currents in junction-isolated circuits.

In junction-isolated circuits, the ohms/square
of the resistors are generally limited by the
active element of the circuit. For circuits
using bi-polar transistors the ohms/square is
in the range of 100 teo 1000. Thus, to in-
crease a circuit resistance, the length of the
resistors must be increased. This increases
the total leakage current into or out of the
resistor. As the leakage current is increas-~
ing, the signal current is decreasing until a
point is reached where the static stability of
the circuit is marginal or where the leakage
power dissipation is increasing faster than
the circuit power dissipation is decreasing.

Two approaches are available to reduce the
leakage currents associated with junction-
isolated resistors. One is to deposit metal
film resistors over the circuit oxide, and the
second is to use oxide isolation instead of
junction isolation. The first has been used
by CBS Laboratories to produce micropower DCTL
circuits. These two techniques, besides sig-
nificantly reducing leakage currents, also
reduce the parasitic capacitances associated
with the resistor and therefore increase the
maximum frequency of operation of a circuit.

In considering minimum power circuit con-
figurations, complementary logic types are
attractive. At present, complementary bipolar
or field-effect transistors are not being ef-
fectively fabricated in semiconductor inte-~
grated circuits. The inclusion of complemen-
tary structures would require an evaluation of
the complementary structures possible in inte-
grated circuits with respect to active device
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requirements for use in micropower complemen-
tary circuits. This requires the ability to
fabricate a variety of complementary struc-
tures. In terms of fabrication complexity,
additional diffusions are required to make com-
plementary structures over single-type struc-
tures with additional controls on the oXxide
characteristics and thickness if metal-oxide-
silicon (MOS) field-effect transistors are
being fabricated.

Integrated circuits employing only field-
effect transistors are capable of lower power
dissipations than bipolar transistor circuits,
but are not capable of as high an operating
speed. Optimization of field-effect transis-
tors requires diffusion schedules which are
different from those used for making bipolar
transistors besides requiring control of oxide
characteristics and thickness when considering
MOS field-effect transistors.

Since the present effort in the CME semi-
conductor fabricating center is directed
toward establishing a reliable triple-diffusion
process capable of producing a micropower tran-
sistor, many of the avenues to micropower cir-
cuitry as discussed must be ignored until the
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capabilities of the fabrication section are ex-
tended. Thus the frequency divider is being
designed using minimum power circuits consist-
ent with the triple-diffused junction-isolation
process.

In this connection, a new division tech-
nigque developed by NASA that uses bipolar
transistors and that promises about a 25 per-
cent power dissipation reduction compared to
a straight serial binary division chain is
being investigated.

First attempts at fabricating the initial
astable multivibrator stage of the frequency
divider were unsuccessful. Therefore, it was
decided to fabricate one of the other less
critical bistable multivibrator circuits capa-
ble of binary division. Bistable multivibrator
circuits were produced which operated as static
flip-flops, but would not operate in a count-
ing mode. Subsequent investigations disclosed
that two of the diodes in the steering network
of the circuit were not properly isolated, thus
inhibiting proper operation of the steering
network. This was corrected by an isolation
mask change. More circuits are now being fab-
ricated.

I'11/16b
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RESEARCH AND EXPLORATORY DEVELOPMENT [11/17
Radiation Damage Studies A35CME

Support: DASA through RMGA-8 (BuWeps)

R. A. Freiberg

January - June 1965

NUCLEAR RADIATION STUDIES

This effort is to assist the Missile
Guidance and Airframe Branch, Bureau of Naval
Weapons, with their study, supported by the
Defense Atomic Support Agency (DASA), on the
effects of transient nuclear radiation on mis-
sile electronics (TRE).

SUMMARY

Activities supporting this program for the
six-month period through June are listed below:

During the week of January 18 to 22, insu-
lated-gate thin-film cadmium selenide transis-
tors (TFT's) from Melpar were irradiated with
a direct electron beam equivalent to a gamma

flux of 109 to 1010 roentgens/sec in the Hughes

Linear accelerator (LINAC). A report of these
results was furnished to BuWeps for program di-
rection (Ref. 1). This test was preceded by a
meeting at Melpar on January 7.

A second series of tests using the Melpar
devices was conducted during the week of March
1-5 in the Hughes LINAC to extend the results
of the first series. A report on this series
has not yet been distributed, but the results
have been made known to BuWeps.

On March 12 a DASA Microelectronic Working"
Group Meeting was hosted at APL. A good por-
tion of the results of the second test series
on TFT's was disclosed then.

On March 24 representatives of Naval
Avionics Facility, Indianapolis (NAFI) and PID
of BuWeps visited APL to discuss the first
series results.

On April 5 the Hughes Aircraft Company was
visited to review Navy sponsored TRE studies.

On April 7 a paper, essentially on the re-
sults of the first thin-film tests, was given
at the Navy Microelectronic Conference at
Monterey, California.

On April 8, Varian Associates and Physics
International, Palo Alto, California, were
visited to discuss the linear accelerator and
the flash X~ray, respectively.

On April 12 and 13, APL hosted the Second
Navy Symposium on the Transient Effects of
Nuclear Radiation on Electronics (TRE) at
Howard County. All services were represented.
A presentation of the up-dated results of the
two thin-film tests was given again.

On April 20 a visit was made to the Naval
Research Laboratory (NRL) to discuss their TRE
problems and to visit their LINAC facility.

On May 12th, a DASA Microelectronic Work-
ing Group Meeting called by Rome Air Develop-
ment Center (RADC) was attended at Fort Mon-
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mouth, New Jersey, as a BuWeps representative.

On June 1, 2, and 3 the annual DASA TRE
Project Officers meeting was attended at the
Pentagon.

FUTURE PLANS

Participation as assistant to RMGA-8 of the
Bureau of Naval Weapons will be continued.

DISCUSSION AND BACKGROUND

TRE studies sponsored by RMGA of BuWeps are
being conducted by the Hughes Aircraft Company.
These studies now are concentrating on test-
ing all-thin-film microelectronic circuits
supplied principally by Melpar, Incorporated,
for high temperature (<500°C) operation in a
nuclear enviromment. The reported tests have
been of an explorative nature for the purposes
of assisting BuWeps in program definition.
Several important defining results were noted
which can be stated qualitatively here.

1. Supposed TFT instabilities proved rather to
be the problem of establishing equilibrium
which was controlled by modifying instru-
mentation and experimental procedure.

2. TFT output disturbances during radiation
were not causing saturating currents from

the device at 1010 roentgens/sec and the
output essentially followed the radiation
pulse time history except for a small tail.

3. A great part of the disturbance was deter-
mined to be very dependent upon the sur-
rounding air-pressure, insulation, and de-
vice topology.

4. A method of isolating the various contribu-
tions to the overall effect has been out-
lined by using up to nine-device-configura-
tion permutations. Three of these permuta-
tions were used in these tests.

The results and analysis have suggested
new and modified tests which are being instru-
mented.

For prior background, the interested reader
is referred to Ref. 2.

REFERENCES

1. R. Freiberg, "Radiation Effects on the
Thin-Film Field-Effect Device'" (Unclassi-
fied), APL/JHU report for BuWeps, January
18-22, 1965.

2. R. A. Freiberg, "Nuclear Radiation Studies,"
Section I11/14, Research and Exploratory
Development for the Missile Guidance and
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RESEARCH AND EXPLORATORY DEVELOPMENT 111/19a
Advanced Warhead Supporting Research ALBFM
Support: RMMO (BuWeps)

W. C. Welsh

January - June 1965

GUIDANCE AND FUZE INVESTIGATIONS

The validity of comparative studies of the
effectiveness of various high-explosive war-
heads depends upon realistic assumptions about
missile guidance and fuze performance.

SUMMARY AND CONCLUSIONS

To improve effectiveness analyses, the
performance of Terrier, Tartar, and Talos mis-
sile guidance and warhead fuzing was examined
using all available results from missile test
firings as the primary source of information.

Miss distance data and time sequence re-
cordings of fuze operation indicate. that an
assumption of a Gaussian distribtution of errors
may be inappropriate to descriptions of guid-
ance accuracy or fuze operation. In light of
these data, the parameter sigma, O, customarily.
used to quantify performance, appears inade-
quate to describe operational errors.

More satisfactory descriptions of guidance
and fuzing error functions are precluded by
limitations of the information-gathering-tech-
niques. Significant improvement in quality
and detail of information reported from missile
tests must be achieved to permit accurate defi-
nition of the error functions.

FUTURE PLANS

This phase of the warhead supporting re-
search investigation into guidance and fuze
performance is complete. No further studies
of performance history are planned.

Continued effort will be directed toward
examination of guidance and fuzing concepts as
applicable to improvements in effectiveness of

THE JOHNS HOPKINS UNIVERSITY » APPLIED PHYSICS LABORATORY

UNCLASSIFIED

current warheads and to innovations required
by novel warhead concepts.

BACKGROUND

Though computer simulations are commonly
used in warhead effectiveness analyses, the
relevance of the simulations is contingent
upon appropriate description of system per-
formance. The objective of these studies was
to provide up-to-date descriptions of guidance
and fuze performance which could be utilized
to enhance the efficacy of computer simulations
in effectiveness evaluations.

Analysis of data from missile test firings
indicated that the instruments for obtaining
missile test data and data reduction discrepan-
cies among the reporting agencies effected in-
accuracies, inconsistencies, and inadequacies
in the data which preclude formulation of well-
defined descriptions of guidance and fuze per-
formance. The data from firing tests do not
support unqualified use of normal distribution
functions to describe guidance accuracy and
fuze dispersion; in fact, several other distri-
bution functions, namely a translated normal, a
bi-modal normal, a Wiebull, and an exponential
also provide at least as good a description of
the distribution of guidance errors.

Instrumentation of the missile test firings
is currently limited in its ability to provide
adequate information pertinent to evaluation of
ordnance effectiveness. .

REFERENCES

1. W. C. Welsh, "Missile Intercept Accuracy -
Improved Tartar, Terrier HT-3/3A, and Talos
6cl/6bl CW' (U) (Confidential), APL/JHU
CLA-1151, 31 March 1965.

2, W. C. Welsh, "Warhead Fuzing Status Report"
(U) (Becret), APL/JHU CLA-1152, 1 June 1965.
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RESEARCH AND EXPLORATORY DEVELOPMENT L11/19
Advanced Warhead Supporting Research A42BFM
Support: RMMO (BuWeps)

R. L. McCally

April - June 1965

EXPLODING-WIRE SHOCK INTENSITY

Exploding wires are being considered for
use as initiators of intermediate and second-
ary explosives. The initiation mechanism of
an exploding wire, however, is not well under-
stood. Leopold (Ref. 1) feels that the cause
of initiation must be something other than
shock; while the results of Muller, Moore, and
Bernstein (Ref. 2), using loosely packed RDX,
were characteristic of shock initiations. A
study of the thermal aspects of initiation is
being made (Ref. 3); however, it is felt that
a concurrent experimental program to study the
shock waves from exploding wires is necessary.
The combined results of these studies should
give a set of criteria for an exploding wire
to be a good initiator.

FUTURE PLANS

Work on this project was recently started.
At this time the experimental equipment is
being assembled.

Obviously the first question to be answered
is whether the shock is strong enough to cause
initiation. Seay and Seely (Ref. 4) found that
2.5 kilobars is the minimum shock pressure that
will initiate loosely packed (1.0 gm/cc) PETN.
Secondly, methods of maximizing the shock
strength must be found. To accomplish this,
each of the parameters that affect shock
strength will be studied separately. These
parameters can be broken into two, not entirely

Table I

Parameters That Affect Shock Strength

Circuit Parameters Wire Parameters

Total Energy Stored Length
Rate of Energy Deposition Diameter
Resistance Material
Capacitance

Inductance
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independent, groups: parameters of the circuit
and wire parameters. These are listed in Table
I.

Transparent materials, probably liquids,
will be used for the first experiments because
the shock can be viewed as it passes through
the material and as it leaves. The materials
used will have densities between one and two
grams per cubic centimeter because most explo-
sives have similar densities. The idea here
is to approximate an explosive by a nonreactive
material. Eventually several materials of
varying densities will be studied. It will be
interesting to see if Lin's theory (Ref. 5)
for strong cylindrical shock waves in gases
holds for liquids and solids. His theory pre-

dicts:

hy

T 1

R = S(%) ﬁ— t2,
o

where R is the radius of the shock front at
time t, E is the energy in the shock, p, is
the ambient density, and S(y) is a function
only of y = Cp/ . Thus, if Lin's theory
holds, a plot of (2R)® versus t would be a
straight line.

BACKGROUND

Bennett (Refs. 6 through 8) has done a
great deal of work on the shock waves produced
in air and other gases by a wire explosion, but
no record has been found of quantitative mea-
surements of the shocks in liquids or solids.
Baird (Ref. 9) observed shock waves in glass
from the explosion of an embedded wire; but, he
made no measurements. Therefore, this may be
a useful area of study.

Shock waves are described by the Rankine-
Hugoniot equations expressing conservation of
mass, momentum, and energy, respectively

DOU=p(U_u) ]
P - Po = po Uu,
E-E - P+ Po 1 _1
o 2 P, B)
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where 'u is the particle velocity, U the shock
wave velocity, p the density, P the pressure,
and E is the specific energy. The subscript o
refers to the unshocked material immediately
ahead of the shock front and no subscript re-
fers to the shocked material behind the wave.
Thus a shock can be completely described by its
velocity, the particle velocity, and the den-
sity of the unshocked material.

The particle velocity cannot be measured
directly; however, it can be obtained by meas-
uring the free surface velocity (vfs) as the
shock exits the material. Then:

where u_ is the particle velocity due to the
rarefaction wave propagating back into the ma-
terial from the surface. In general:

=3

r%l

u'_ ’

and, therefore, u = % Vs

This approximation has been investigated by
Walsh and Christian (Ref. 10) and found to be
an excellent one; viz., accurate to within 1
percent and more typically to within 0.5 per-
cent.

An STL image converter streak camera will
be used for the velocity measurements.
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RESEARCH AND EXPLORATORY DEVELOPMENT 111/19¢
Advanced Warhead Supporting Research ALBFM
Support: RMMO (BuWeps)

S. D. Raezer

April - June 1965

EXPLODING-WIRE RESEARCH

Long exploding wires (12 inches and longer)
are being considered as a means of line ini-
tiation of explosives. The aim is to avoid the
use of sensitive primary explosives as initia-
tors, achieve directional explosive patterns,
and generally improve initiation and detonation
of explosive charges in guided missile warheads.
The work is proceeding in cooperation with
theoretical analysis of the detonation process
in solids and comparative warhead analysis.

Information on small exploding wires of
various diameters and materials is abundant
but not usually in a form which would allow
accurate extrapolation of electrical energy re-
quirements to long wires. What is needed is a
simple means of predicting energy requirements
for long exploding wires from information ac-~
quired from exploding shorter wires.

SUMMARY AND CONCLUSIONS

A correlation has been established ex-
perimentally between the electrical energy re-
quired to just melt and also to just burst No.
40 copper wires of various lengths, and the
length of the wire. The correlation is shown
in Fig. 1. The tests were performed using two
different sets of electrical circuit constants.
The energy to just melt and also to just burst
the wire was computed. The results are given
in Table I. The conditions of "just melted"
and '"just burst" were identified by the "card-
print"” technique described below.

FUTURE PLANS

It is planned to extend the above work to
a range of wire materials. Tabulations of the
parameter R as a function of H for homogeneous
heating along with correction factors for non-
homogeneous heating should allow a rapid com-
parison of the effectiveness of different mate-
rials as used with specific electrical circuits.

In addition to this work, apparatus has
been constructed for the exploding of 12-inch
wires and for testing their potential as de-
tonators of secondary explosives by direct ex-
periment. Also, some continuation of the work
on trigger gap characteristics (Ref. 1) and
amplification of spurious transients resulting
from the negative resistance properties of the
trigger arc (Ref. 2) is planned.

BACKGROUND

Exploding wire research to date has in-
cluded review of the literature on the subject,
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with particular regard to measurement tech-
niques and electrical circuitry. Comprehen-
sive theories are unavailable as a result of
the complexity of the overall exploding wire
system. Present efforts at APL have centered
on obtaining systematic data which will serve
as a guide for future refined measurements.

For this purpose, a simple adiabatic, homogene-
ous exploding wire model has been postulated
for which the state of the wires may be de-
scribed in terms of two parameters S = § (R,

H) where R is the average resistivity through-
out the transition from initial to final state
and H the energy released in the wire per unit
mass. Under these conditions, the relationship
between total circuit energy
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U =
C =

V1 =

Ve =

and wire

Table !
No. 40 Copper Wire
International
Critical Tables
data
C T, L D p H R State H R
-3 - ' -1
ui ohms uh in. gm-cm cal-gm uohm*cm » cal-gm gohm-cm
1.0 0.18 | 0.40 | 0.0031 8.89 148 4.9 melt 155 ~5.0
' 236 7.9 burst 264 -
0.30(0.22|0.36 {0.0031 8.89 137 5.0 melt 155 ~5.0
233 7.8 burst 264 -

- 2 _ 42
U= 1/2 C(V1 Vf) ’

total circuit energy,
condenser capacity,
initial condenser voltage, and

final condenser voltage,
length, 1, corresponding to a given

state, 8, should be expressible in the form

where a =

and B =

Here r

U= o + B2, (€9
2
rcA pH
R ’

Ro
r A’
c

is the external electrical circuit re-

sistange, A the wire area, p the initial den-
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sity of the wire, and R and
tioned "state parameters."

white file card,

H the aforemen-

One simple means of identifying the state
S is afforded by the "card-print" technique.
If the wire is exploded in contact with a

at low energies the resultant

patterns are identifiable and characteristic of
a particular energy state.
indicators can probably be found for identify-

ing higher energy states.

Other such linear

Identification of

the thermodynamic state S will be helpful in
comparing metals and in studying time dependent
processes within the metal and the heat trans-
fer mechanisms.
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RESEARCH AND EXPLORATORY DEVELOPMENT 111/23
Adaptive Stabilization Computer A62CLM

Support: RMWC (BuWeps)

A. G. Carlton and L. M. Spetner

April - June 1965

ADAPTIVE STABILIZATION COMPUTER

The Adaptive Stabilization Computer program is
one of research directed toward the development
of a computer to predict ship motion. The pre-
diction will be optimal in the sense that it
will tend to minimize the variance of the error
and will be based upon measurements of the ship
orientation with respect to a stable platform.
The computer is intended to adjust its own
parameters automatically in order to maintain
the prediction optimal under a wide variety of
external conditions.

SUMMARY AND CONCLUSIONS

A new procedure has been developed for pre-
dicting an unknown stationary process. The
essential new feature is the demonstration that
any finite-order sampled stationary process
can be described by a finite-order difference
equation. The parameters of this difference
equation can be estimated and then used to ob-
tain an optimum prediction of the process. If
the process is Gaussian, then a procedure is
available that yields the optimum prediction
conditioned on the past data. A technique has
also been developed to take account of obser-
vational errors.

FUTURE PLANS

Computer simulations of the optimal-pre-
diction procedure will be run in order to check
on the dynamic features of the prediction as
well as the estimation of the parametric de-
scription of the process. Theoretical inves-
tigations will also be made of these dynamic
features in order to lead to an understanding
of the prediction problem for nonstationary
processes.

DISCUSSION

If one lets the discrete random process Eo,
...,5n represent the uniformly sampled values

of a stationary, continucus, Gaussian, random
process whose power spectral density is the
square of the ratio of two polynomials, such
that the denominator is of order k, and the
numerator is of order less than k, then the
sequence {En} satisfies the difference equa-
tion

£y = 8 Xy + bV, 1)

where the vectors X -1 and v, are given by
ST (ST 2
Va T lagertggenl . @

and where the @'s are independent Gaussian ran-
dom variables having zero mean and unit vari-
ance. -
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The vectors g and h,
g' = [7,-.-%] and 0
b = [ng...m (5)
are taken to be random variables. For con-

venience the (2k)-~-component vector f is defined
as ’ ’

£ = [g'h'] = [71"'yk "11---7Ik] ’ (6)

and its conditional probability density
p(flxn) can be sequentially estimated as new
data are accumulated. '

One may define the following:

o Mg ove- Tgey

P = Sy e Tyeg , a (k-1) x (k-1)

. matrix; 7

a (k-1) x (k-1)
matrix; (8)

o
0
f
;

a (k-1) x (k-1)
matrix; (Q)

a (k-1) x (k-1)
matrix; (10)

“.. O
J = 1 -’. , a k x k matrix;
‘. .. (11)
_O 10
[ J o .
R = , a (2Zk) x (2k)
0 J matrix; 12
L J
1 o0...0
(4]
D* = . , a k x k matrix;
. D - (13)
| o
a, = 1
L (14)
o,= L ya, ., =1, ..., m
X J=1 JLJ 3 ’
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by = [ g%, ) - (o = 8'%p )]

a (k-1)-component vector; (15)
q, = [o (D-len)'], a k-component vector; (16)
ya = [xﬂqa], a (2k)~-component vector. 7))

Then the conditional probability density
K -
p(flx ) is p(f|x,)) = const x exp {~ % (h'D h) !

R
[(f—fn) s~ (-1 +xn]}. ' (18)

As a new measurement, gn+1, is made, the

parameters of p(flxn) are adjusted according
to

]
s - s snynynsn

n+l n - T4y S v, ' (19a)

~ ~ ~

n+l fn * Sn+1 y'n(€n+1 - yé fn)’ and (19b)

]

2 PRI R
kn + En+1 + fﬂ sn fn

>
1]

n+l

13 (19¢)

- A -
f Sn+1 fn+1 :

n+l

If fa S;l fn>> 1, the conditional prob-

ability density p(flxn) of Eq. (18) may be

taken to be a Gaussian so that fn becomes the
optimum extimate of f.

The optimum prediction of €n+m based on

measurements up to the n-th time step is the
conditional expectation <5n mlxn> , and is
given by +
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< 5l’\+l'|1

RCE]

= ' J
rxn> [ jam_j £ p(f]x )df] Ry,

j=1

where am_j are the appropriate functions of the
components of f as given by Eq. (14).
For an autoregressive process, when all the

7's are zero except M 2 procedure has been de-
veloped to allow prediction even when the obser-

vation of is' contaminated by noise €_.
n n

£y = 8 (xp gy )t + o

The best estimate of the noise cn turns out to
be

[ %]

<€’ >
= € 20)
n <g2> n (

~§ _ M2
where (n gn 8y Xn-17

and where the estimate én is obtained seguen-
tially as is fn above.
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Section IV

HIGH TEMPERATURE
RESEARCH

Hypersonic Gas Dynamics--Collection of ex-
perimental data on which to base a better under-
standing of the fluid-dynamic processes in
rocket nozzles was continued. In these studies,
a small-scale solid-propellant rocket motor is
used to simulate conditions encountered in full-
scale firings. Surface temperatures and tem-
perature profiles made throughout 25° and
12-1/2° molybdenum insert nozzles in gas flows
generated by a 2500°K nonaluminized propellant
show that the nozzle flow is definitely turbu-
lent and that the computed heat transfer coef-
ficients agree reasonably well with those pre-
dicted. Analysis of spectrometer emission and
absorption data as a means of accurately deter-
mining the static temperature of propellant
gases should prove satisfactory (IV/1).
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HIGH TEMPERATURE RESEARCH 1V/1
Hypersonic Gas Dynamics R11BFM
Support: ARPA

W. P. Dickens, H. J. Unger, and F. K. Hill
April - June 1965

ROCKET NOZZLE FLUID DYNAMICS

High~temperature gas generated by the burn-
ing of a solid propellant forms a simple fluid
system as it passes through a nozzle into
supersonic flow.. The primary objective of this
study has been the experimental investigation
of such a system with the principal efforts
focused on the study of local heat-transfer
rates in the rocket nozzle and the chemical re-
action rates and specie concentrations of the
reacting gases. These experimental data are
essential to developing a better understanding
of the fluid dynamic processes involved in such
fluid systems: a knowledge of the mechanics
and chemistry of nonequilibrium gas flows, the
effects of gaseous and nongaseous states of
propellant flows on rocket nozzle systems, and
the collection of data vital to accurate pre-
dictions of nozzle heat flux rates.

SUMMARY AND CONCLUSIONS

Surface temperatures and temperature pro-
files have been made throughout 25° and 12%°
molybdenum insert nozzles in gas flows gener-
ated by a 2500°K ARP propellant. The data show
that the nozzle flow is definitely turbulent
and, except in the immediate region of the

throat where a region of flow separation is be-'

lieved to exist, the computed heat transfer
coefficients agree reasonably well with those
predicted by the empirical equation of Bartz
(Ref., 1) for turbulent heat transfer in a noz-
zle.

The analysis of spectrometer emission and
absorption data as a means of accurately de-
termining the static temperature of propellant
gases indicates that this method should prove
quite satisfactory once the emissivity of the
source can be better determined.

FUTURE PLANS

Further analysis of the 12%° and 25° noz-
zle heat transfer data will be made, and a
closer examination will be given to the nozzie
throat region where flow separation possibly
exists. Future plans will include an attempt
to measure surface temperatures in the DGV
nozzle and a comparison of the heat transfer
data obtained with that from ARP propellants.
Additional applications of the scanning spec-
trometer for use with both propellants are
being studied.

BACKGROUND

Two ABL manufactured propellants have been
used in the rocket tunnel to generate the gas
flows under investigation--~an ARP propellant
burning at 2500°K at pressures of 1100 to 1200
psia and a DGV (aluminized) propellant provid-
ing a supply pressure of 1300 to 1400 psia at

THE JOHNS HOPKINS UNIVERSITY = APPLIED PHYSICS LABORATORY
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a2 combustion temperature of 3770°K. Special
experimental techniques and instrumentation
have been developed to overcome the severe en-
vironmental conditions of these gas streams,
and nozzle boundary-layer surveys (temperature
and pressure), nozzle-throat heat-transfer
measurements, and spectrographic studies of
the emission and absorption of the gas flow
throughout the nozzle have been reported
(Refs. 2,3,4, and 5).

The investigation of heating rates in the
rocket nozzle was begun in the test section
where the usual boundary layer probe tech-
niques could be employed. In the vicinity of-
the nozzle throat, however, these methods were
unsatisfactory as a result of the high tem-
peratures and thin boundary layer, and the
technique of directly monitoring nozzle sur-
face temperatures by means of transistorized
optical pyrometers was developed (Refs. 6 and
7). More recently these pyrometers have been
replaced by smaller more adaptable silicon
photodiode pyrometers.

Extensive measurements of surface and in-
‘sert temperatures at the throats of 25° solid
molybdenum and molybdenum insert nozzles have
been made and heating rates determined (Ref.
3). Similar investigations throughout the_en-
tire throat region were begun with both 123°
as well as 25° nozzles and adaptations of the
instrumentation for use with DGV propellants
is being studied (Ref. 4).
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DISCUSSION

Surface temperature data obtained by means
of miniature optical pyrometers are shown in
Fig. 1 as a function of area ratio. The data
are from both 12%° and 25° molybdenum insert
ARP nozzles having throat diameters from 0.628
to 0.630 inch. In addition to surface meas-
urements, temperatures throughout the nozzle
inserts have been surveyed by means of both
thermocouples and pyrometers. By extensively
surveying at a given cross section (0.2 to
0.025 inch from the nozzle surface) accurate
determinations of temperature gradients were
obtained. 1In Fig. 2, the heat transfer coef-
ficient at various stations in the 25° nozzle,
calculated from a one-dimensional heat trans-
fer assumption, is shown. _While heating rates
as high as 20 to 30 Btu/in®/sec are obtained
Jjust after ignition (Ref. 3), comparison with
various empirical turbulent heat transfer re-
lationships (Refs. 1 and 8) shows rather good
agreement after 3 seconds. The drop in heat
transfer and surface temperature observed just
downstream of the nozzle throat is possibly
a result of a region of flow separation thought
to exist throughout the throat of the 25° noz-
zle. Further analysis of this possibility as
well as completion of the 123°nozzle analysis
is under way.

From the spectra obtained in the gas compo-
sition measurements with the scanning spec-
trometer (Ref. 5), it was possible to make cal-
culations of the gas temperature at various
nozzle stations. By a comparison of the emis-
sion and absorption intensities at a given
wavelength and the intensity of a source of
known emissivity, gas temperatures may be de-
termined. The results for both the 123° and
25° nozzles are compared in Table I with values
obtained from a kinetic calculation for the ARP
propellant (Ref. 9), The static temperatures,
computed from the absorption and emission data,
tend to be slightly higher than those from the
kinetic calculation. This apparently results
from the fact that it was necessary to compute

the emissivity of the source from measured
emission data of the gas at the 0.8-inch-diame-
ter station, assuming that the kinetic calcula-
tion for this station was accurate. This was
necessary since the Nernst glower source has a
broad emission band at 5.2¢ and a direct de~
termination of its emissivity has not yet been
possible. While there are several spectro=-
scopic methods of determining the temperature
of a gas in thermal equilibrium, all are diffi-
cult, indirect, and, in general, unsatisfactory
at higher temperatures. It would appear that
this method of determining gas temperatures
should be reasonably accurate once a more exact
determination of the source emissivity can be
made.
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Table |

Calculation of Static Temperatures from CO, Absorption
and Emission Measurements

Nozzle Diameter | Emission |Absorption [Static Temperature |Static Temperature
(inches) (percent)| (percent) |(from emission and | (kinetic calcula-
absorption meas- tion)
urements)
123° Total Angle Nozzle
0.80 135.7 99.0 1745 1745
1.06 101.5 98.2 1549 1442
1.35 71.8 97.9 1356 1257
1.86 39.0 92.2 1124 1012
2.33 23.4 79.5 1008 920
25° Total Angle Nozzle
0.80 205.0 96.6 1738 1738
1.08 119.3 95.2 1402 1417
1.33 98.6 94.5 1310 1245
1.86 47.6 92.5 1041 1026
2,33 29.9 80.6 949 874
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Section V
FUNDAMENTAL RESEARCH

Microwave Physics~--It has been found that
the repulsive short-range exchange forces are
solely responsible for the shift in magnetic
field in the "diatomic molecule" formed by two
colliding Xe atoms (V/la). As a result of
applying the lattice sum method to evaluation
of the magnetic dipolar energy of antiferro-
magnets, the values of the dipolar anisotropy
energy and of the five~structure energy have
been substantially revised (V/1lb). Spectro-—
metric measurements are being made on transi-
tion-metal ion-pairs coupled by exchange in-
teractions in an effort to obtain electron
spin resonance data which will supplement op-
tical data in this field (V/1c). Electron
spin resonance techniques are also being used
to study photoexcited organic molecular solids
(v/1d) .

Plasma Dynamics Research--A theta-pinch
gun is being developed to produce dense, hot
plasmas. Improvements were made in the gun
this quarter, but its shot-to-shot repro-
ducibility is not yet satisfactory (V/2).

Hypersonic Gun Tunnel--The hypersonic gun
tunnel provides uncontaminated air flows suit-
able for testing hypersonic ramjet inlet
models. It can also be used as a research
tool for investigation of fundamental flow
problems, boundary-layer interaction, flow
near the leading edge of blunt bodies, and con-~
figuration problems at high Mach numbers. The
majority of tests conducted during the gquarter
were preliminary studies of the flow about dif-
ferent configurations to develop future test-
ing techniques (V/3).
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FUNDAMENTAL RESEARCH V/la
Microwave Physics X8IRMP
Support: Task X/NOw-62-0604-c
F. J. Adrian

July 1964 - June 1965

INTERPRETATION OF NUCLEAR MAGNETIC
RESONANCE IN INERT GASES

Nuclear magnetic resonance studies of the
inert gas xenon have yielded some interesting
results which depend on the interaction of
colliding atoms. For ome thing, the magnetic
field at a xenon nucleus, which is slightly
different from the applied field because of the
interaction of the electrons of the atoms with
the applied field, increases linearly with the
density of the gas (Refs. 1 and 2). Secondly,
the nuclear spin relaxation processes, whereby
a nucleus dissipates its magnetic energy into
kinetic energy, increase in efficiency linear-
1y with the density of the gas (Refs. 2 and 3),
indicating that the nuclear spin relaxation
occurs only during interatomic collisions. The
purpose of this study was (a) to show that the
interaction between colliding atoms could
account for the observed results and (b) to
determine the relative contribution of the
attractive Van der Waals interactions and the
repulsive exchange interactions to these ef-
fects.

SUMMARY AND CONCLUSIONS

The shift in magnetic field was computed
for a ""diatomic molecule" formed by two col-
liding Xe atoms. It was found that the re-
pulsive short-range exchange forces were solely
responsible for this effect. When an average
was taken over all types of collisions, the
following value was obtained for the magnetic
field shift (Ref. 4): AH = 2.85(10)"7 Hp,
where H is the applied field and p is the den-
sity in amagats. This was in order-of-magni-
tude agreement with the observed result (Refs.
1 and 2): AH = 4.3(10)~7 Hp. This result also
gave a final accounting of the problem of
nuclear spin relaxation in Xe This is be-
cause Torrey (Ref. 5) had previously shown that
any mechanism which could account for the ob-
served magnetic field shift in terms of pairs
of colliding Xe atoms would also produce a
magnetic coupliing belween the nuclear spins
and the rotational angular momentum of the col-
liding pair which would be large enough to
account for the observed nuclear spin relaxa-
tion of this isotope.

For the isotope Xelsl, whose nucleus has an

electric quadrupole moment, a much more effec~
tive relaxation mechanism is the interaction
of the electric quadrupole moment with the
collision-deformed electronic charge cloud of
the atom. Again a pair of colliding Xe atoms
were treated as a rotating "diatomic molecule™
whose nuclear electric quadrupole interaction
permitted the nuclei to relax by exchanging
energy with the rotational angular momenta of
the colliding atoms. The calculation showed
that the contributions of the exchange and

THE JOHNS HOPKINS UNIVERSITY ®» APPLIED PHYSICS LABORATORY
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Van der Waals interactions to the nuclear quad-
rupole coupling constant were of opposite sign,
and that the exchange contribution was six
times larger than the Van der Waals contribu-
tion at a typical collision distance of 44A.

An average of the single collision transition
probabilities over all types of collisions

gave the following result for the relaxation
time (Ref. 6): T1 = 22/p sec. This is in good

agreement with the experimental value (Ref. 3):

T, = 26/p sec.

FUTURE PLANS

It is hoped that these results will aid in
the interpretation of current experiments on
the liquid and solid phases of xenon in terms
of the detailed structure of these phases. How
much of this work will be done at the Applied
Physics Laboratory, however, will depend on the
extent of the theoretical work done by the
groups at Washington and Rutgers Universities
who are conducting the experiments.

BACKGROUND

Nuclear magnetic resonance is based on the
fact that all nuclei of nonzero spin have a
magnetic moment. In an external magnetic
field, such nuclei have two or more quantized
orientations with correspondingly different
magnetic energies. The transition energy be-
tween two nuclear magnetic energy levels for
magnetic fields in the kiloersted range lie in
the radio-frequency region of the spectrum.
Such nuclear spin transitions may be stimu-
lated and detected by placing the sample in the
tank coil of an oscillator operating at the
resonant frequency.

One interesting feature of these experi-
ments is that, because of the interaction of
the external field with the electrons of the
system, the magnetic field at the nucleus is
invariably slightly different from the applied
field. For an isolated spherical atom, the
effect of the applied field is to induce a
Larmor precession of the electrons which pro-
duces a small field at the nucleus of opposite
sign to the applied field (diamagnetic shift).
This effect is of little importance, however,
because it is virtually independent of the
state of aggregation of the atom. When an atom
forms a molecule, collides with another atom,
or otherwise has its spherical symmetry dis-
turbed, the magnetic field may also admix
virtual excited states into the ground-state
wave function of the system. These excita-
tions lead to electronic currents which produce
a small additional magnetic field at the nu-
cleus which usually has the same sign as the
applied field (paramagnetic shift). The para-
magnetic shifts are of great interest because
they depend critically on the outermost or
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valence electrons of the atoms, and, thus, are
a tool for investigating the charge distribu-
tion in those electronic orbitals which deter-
mine chemical binding, interatomic forces, etc.
Although a pair of colliding Xe atoms do not
form a chemical bond, the overlap of their
orbitals during a collision provides a- path
for the flow of a magnetic-field induced cur-
rent between the atoms. This current produces
the relatively large pressure-dependent para-
magnetic shift observed in this gas.

Nuclear-spin relaxation is an integral
part of nuclear magnetic resonance, because,
as a nucleus absorbs energy from a radio-fre-
quency oscillator it must dissipate this energy
into other energy modes (translation, rotation,
vibration, etc.) of the system. If it cannot
do this, the resonant nuclear magnetic energy
levels quickly become equally populated and
absorption of radio-frequency energy stops be-
fore a detectable amount of energy can be ab-
sorbed. Since the energy of the nuclear transi-
tions is very small compared to energies of
translation, rotation, etc., these motions act
as a constant temperature bath into which the
nuclear spin system may dissipate any excess
energy and remain in thermal equilibrium.
However, the coupling between the nuclear spin
system and the other energy modes is often
quite weak so that the time required for a
saturated nuclear spin system to regain ther-
~mal equilibrium (relaxation time) is often
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quite long. This difficulty is especially
acute in xenon gas because conservation of
angular momentum requires that a change in
nuclear spin orientation be balanced out by a
change in the angular momentum of some other
motion of the system. Since an isolated
spherical Xe atom has no other angular momenta,
the nuclear spin transitions which lead to
relaxation can occur only during collisions.

REFERENCES

1. R. L. Streever and H. Y. Carr, '"Nuclear
Magnetic Resonance of Xe in Natural
Xenon," Phys. Rev., Vol. 121, No. 1, 1961,
pp. 20-25.

2. E. R. Hunt and H. Y. Carr, "Nuclear Mag-
netic Resonance of Xe129," Phys. Rev., Vol.
130, No. 6, 1963, pp. 2302-2305.

3. D. Brinkmann, E. Brun, and H. H. Staub,
"Kernresonanz im Gasformigen Xenon," Helv.
Phys. Acta, Vol. 35, 1962, pp. 431-436,

Adrian, "Theory of the Nuclear Mag-

netic Resonance Chemical Shift of Xe in

Xenon Gas," Phys. Rev., Vol. 136, No. 4A,

1964, pp. A980-A987.

5. H. C. Torrey, "Chemical Shift and Relaxa-
tion of Xe129 in Xenon Gas," Phys. Rev.,
Vol. 130, No. 6, 1963, pp. 2306-2312.

6. F. J. Adrian, '"Quadrupolar Relaxation of

131

Xe in Xenon Gas," Phys. Rev.,
138, No. 2A, 1965, pp. A403-A409.

Vol.

V/la




UNCLASSIFIED

FUNDAMENTAL RESEARCH V/Ib

Microwave Physics X81RMP

Support: Task X/NOw-62-0604-c

J. C. Murphy, J. 0. Artman, and S. Foner
July - December 1964

MAGNETIC DIPOLAR FIELDS
IN ANTIFERROMAGNETS

In a previous study on the spectral prop-
erties of ruby, the electric potential at a
lattice point was evaluated by summing up the
potentials caused by all other lattice ions.
This lattice sum method has been extended and
applied to the evaluation of the magnetic di-
polar fields in some antiferromagnetic sub-
stances. Such an approach yields directly the
knowledge of the magnetic dipolar energy which
is an important part of the total magnetic
anisotropy energy of an antiferromagnet. 1If
the total magnetic energy is already known from
some other source, then the difference between
the total and the dipolar field energies can
be interpreted as the fine-structure energy,
which is a physically significant quantity but
is at present neither directly measurable by
experiment nor readily amenable to theoreti-~
cal calculationmns.

BACKGROUND

Consider a transition-metal ion oxide such
as Cr203 or a—Fe203. It is isomorphous in

crystal structure as corundum (a~A1203). Each,

oxide crystal is composed of two coupled anti-
parallel magnetic systems or sublattices, hav-
ing the unpaired electron spins directed along
the hexagonal or c-axis. The net magnetization
for the whole crystal is very nearly zero below
a certain critical temperature — the essential
feature of an antiferromagnet. But because of
the difference in the patterns of spin orienta-
tions in the crystal, the magnetic structure of

Cr203 is distinctly different from that of o

F9203.

For a given set of crystalline lattice and
metal ion parameters and a specific magnetic
structure known for a certain antiferromagnet,

the magnetic dipole field (HZ or DZ) and the
dipolar anisotropy energy (KMD) can be com-

puted by the following expressions:

H, 2 3

T‘Dzz“B’fPi(3 cos™ 6; - 1)/Rj
3 2

Kyp = 3 0 60y

where HZ is the magnetic dipole field along the

z-axis (parallel to the c-axis), n is the num-
ber of kg (Bohr magneton) per dipole, D, is the

Z
dipolar field per n, Pi specifies the orienta-
tion of the i'" dipole (+ or -), and R, and 6,

.th

define the i dipole location with respect to
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the reference site.
tice sum of DZ’

In computing for the lat-
the machine computation pro-

grams (Ref.
tice sum of the electric potential were used

to considerable advantage, thus insuring appro-
priate averaging and satisfactory convergence.

The results for the computation of KMD can

be profitably used for the interpretation of
the total magnetic anisotropic energy, K, in
terms of its components by the relation K =

KMD +-KFS, where KFS denotes the fine-structure

energy which is a result of spin-orbital cou-
pling and crystalline environment. The quan- .
tity K can be measured in an antiferromagnetic
resonance experiment which is usually done at
very high magnetic fields and millimeter or
submillimeter frequencies. Under these condi-
tions, KFS can be expressed as K - KMD’ which

is the difference between the experimentally
obtained anisotropy and the theoretically cal~
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0.4

1) developed previously for the lat-

culated magnetic dipolar energy.
shows the results of KFS

tion of temperature,

Figure 1

for Cr, 0 as a func-

273’
when deduced from the in-

formation on K and X, .

MD

SUMMARY AND CONCLUSIONS

3) were
and the

K—

1.

Two rather significant results (Refs. 2 and

obtained from the calculation of KMD

corresponding interpretation of K =

K for the following two cases: FS

MD
Cr203.
metric sense, of this antiferromagnet is
almost cubic. As a consequence, the re-
sults for the computation of DZ show a very

high sensitivity with respect to W, which
is a special position parameter for the
metal ion, as shown in Fig. 2. Thus, KMD =

0.0088 cm—l/ion for the presently accepted
value of W = 0.0975, whereas KMD = 0.059

(which is six times higher than the present
value) for a previously assumed value of
W = 0.105. This drastic revision in the

calculated value of KMD means a corre-

spondingly large revision of the deduced
value for K Recent experimental re-

FS*®

sults of Rubenstein and Krebs (Ref. 4) on
their Cr53 nuclear magnetic resonance work
appear to support the present conclusions.
a—Fe203. In this case the calculated value

The magnetic structure, in the geo-

for KMD and the deduced value for KFS are, at

low temperatures, almost equal in magnitude
but opposite in sign. Moreover, the varia-

tions of KMD and KFS with temperature T (or

T/T,, where TN is the Neel temperature) are

expected to be different because of their dif-
ferent functional dependences. The computed
results actually show there is a definite tem-
perature across which the quantity X would
change sign, corresponding physically to

the flip over of the spins. This situation

is shown in Fig. 3 which gives the value
(T/TN)flip = 0,281 in rather good agreement

with that of 0.274 as concluded by other
types of investigations.

FUTURE PLANS

This work is considered to be completed.
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ELECTRON SPIN RESONANCE IN
TRANSITION-METAL ION-PAIRS COUPLED
BY EXCHANGE INTERACTIONS

Considerable work has been done in recent
years on the study of the microwave and optical
properties of isolated transition-metal lomns
in a nonmagnetic host crystal, especially in

the case of Cr3+ ions in a—A1203(ruby). In

contrast, there has been relatively little work
done in the case where the paramagnetic ions
couple together in the form of ion-pairs
through the exchange interactions between them.
The importance of the iatter study has been
widely recognized (Ref. 1) and there is an in-
creasing amount of work (Refs. 2 and 3), most-
ly optical, which has appeared in the field.

In the present study, an attempt has been made
to observe experimentally the pair phenomena
by the technique of electron spin resonance.

It is hoped that by using this technique some
new information about the ion-pairs can be ob-
tained which ordinarily would not be readily
accessible to optical investigations.

SUMMARY AND CONCLUSIONS

Consider first an isolated transition-metal
ion (like Cr°*) in a crystal (like a-A1,0,).

The influence of the crystal field at the site
of the ion can be described under such condi-
tions by a fine-structure energy written as

Kgg = Dsg, where D is a constant depending up-

on the spin-orbital characteristics of the ion
and the nature of the crystalline environment,
and SZ is the Z-component (along the c-axis) of

the electron spin angular momentum. Next, sup-
pose the concentration of the transition-metal
ions is increased from the range of 0.01 per-
cent by 10- to 100-fold. As may be seen in
Fig. 1, there is a fair probability that some
of the adjacent sites will be occcupied by these
ions. We can thus have pairs of ions labeled
by their site positions as ab, ac, bc, ad, etc.
The two ions in each pair are bound together by
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Fig. 1 o - Al0; Crystalline Lattice Structure, with
A, and Cyas Lattice Parameters. Sites
Occupied by Metal lons Are Denoted by a, b,
c, d. They Are Ordinarily Occupied by
Al*¥lons but Can Be Occupied by Cr®Tlons
by Substitution. Arrows Indicated on These
lons Denote S pin Orientations (all along the
Hexagonal Axis which Is the c-axis) for a
Cr,0; Crystal Corresponding to 100 Percent
Substitution. (76546)
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an "exchange" interaction energy which may be
written as ~J 51-52 where J is the exchange
energy coefficient (known as the "exchange inte-~
gral’) and §1 and §2 represent the angular

momenta of the individual ions. The net effect
of this exchange coupling is that the ion-pair
appears to behave as a unit with the total an-
gular momentum § = S1 + Sz. There is also a

2., _
+ 8pg) =
2SlZSZZ) and a magnetic energy }(H =

fine~structure energy RFS = D(SfZ
2
D(SZ

gyBg-ﬁ (g = g-factor, “B = thr magneton) when

an external magnetic field (H) is applied to
the crystal. Thus, we have the expression for
the total Hamiltonian of the ion-pair as fol-
lows:
K= -35,°8, +D(s2, +582) + (8, + 8,)-H
= 1 °2 ¥ POy 27 Bugioy 2
with S = S1 + SZ
The solution of the aforementioned Hamil-
tonian would give values to the various energy
levels for the ion-pair. If we assume |J| >>
IDI, as it is true for many cases of interest,
then the energy scheme is largely determined
by the 2S5 + 1 levels with intervals defined in
terms of |J|. There is also a fine structure
to each S-level which is determined by the
splitting caused by spin-orbital and crystal-
line field effects. 1In addition, the presence
of an external magnetic field will cause a com-
plete removal of all remaining degeneracies in
energy and make all levels vary their energy
values in certain ways.

The '"spin" energies of the kind described
above are present in each electronic level for
the ion-pair. The transitions between differ-
ent electronic levels are generally in the
optical range with spectral line structures
determined by the differences in the fine-
structure energy levels. If, however, we con-
sider only the ground electronic energy state,
then the transitions in each S level may gen-
erally be in the microwave range (the transi-
tions between different S-levels are usually
forbidden and their frequencies, if present,
are often in the infrared range).

It is also interesting to consider the ef-
fect of an external electric field (in addition
to the magnetic field) on the microwave transi-
tions between states of exchange interaction

coupled Cr3+ pairs in A1203. This system is

quite appropriate for such studies since it is
one of the few cases in which exchange coupled
pairs have been studied by microwave spectros-

copy and a crystalline pseudo-Stark splitting
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for isolated Cr3+ ions has been detected. It

is expected in analogy with the case of isolat-
ed Cr3+ ions in A1203 that the application of

an electric field to the crystal will change
slightly the value of D and hence perturb the
spectral location of the observed microwave
transition.

SUMMARY OF TEST RESULTS

A set of experiments was conducted at 9.4
Gc on concentrated samples (~ 0.875% Cr) of
ruby in which a weak, complicated spectrum at-

tributable to exchange-coupled pairs of Cr3+
ions was observed. Upon application of an ex-~
ternal electric field, changes in intensity and
relative position of some lines of this spec-
trum were observed. Quantitative measurements
were not feasible because of the poor resolu-
tion of these lines at this frequency and this
concentration. Since the resolution is ex-
pected to improve as the frequency of the micro-
wave spectrometer is increased and the concen-

tration of Cr3+ is reduced, a new spectrometer
was constructed from available components at 16

Gc using 0.2 percent Cr3+ samples. The pair

.spectrum was again observed this time with in-

creased resolution as expected. The general
experimental situation relative to spectrometer
stability, however, worsens when the electrodes
needed for external electric field studies are
applied to the sample. To date no unambiguous
dependence on external electric field has been
observed at 16 Gc. The reasons for this are
under investigation.

FUTURE PLANS

In addition to investigating for still bet-
ter means of resolution and ion-pair spectral
identification, other materials for the pair
experiment are being investigated to determine
if some of them will exhibit a smaller number
of lines caused by nonequivalent pairs. This
would simplify both the resolution and the line
identification problem.
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ELECTRON SPIN RESONANCE IN
PHOTOEXCITED ORGANIC
MOLECULAR SOLIDS

The excited states of most atomic and
molecular systems have lifetimes that are too
short to allow these states to be studied by
electron-spin resonance techniques. There are
certain complex organic molecules, such as
naphthalene, however, for which this is not the
case. These molecules have been found to have
rather long lifetimes — of the order of a sec-
ond in their triplet states. 1t is possible,
through optical pumping, to populate this
energy level sufficiently to allow observation
of transitions between its Zeeman components.
Investigation of the excited states of these
molecules by electron-spin resonance techniques
(Ref. 1) provides considerable information that
cannot be obtained through optical means; it
also provides another point of view for under-
standing the excited state of matter.

DESCRIPTION OF WORK

Conditions for Observation--When the ex-
cited triplet state has a zero-magnetic-field
splitting, as it does in naphthalene, large
anisotropies result in its resonances at
higher magnetic fields. These anisotropies
broaden the spectral lines sufficiently so
that it is impossible to observe a spectrum
if the sample is composed of randomly arranged
molecules. The molecules must be arranged in
ordered orientations. The needed molecular
order can be obtained by putting the molecule
into a host crystal having a crystal structure
compatible with the inclusion of the guest
molecule. Since the lifetime of the triplet
state is temperature dependent, it is neces-
sary to perform experiments at reduced tempera-
ture. Figure 1 shows an experimental arrange-
ment designed to work at ligquid nitrogen tem-
perature. The sample is placed in a microwave
cavity which is attached to the lower end of a
liguid nitrogen reservoir. The incident and
reflected microwave radiation are separated by
the microwave circulator mounted above the dew-
ar, and are brought into, and out of, the
cavity through the vertical waveguide passing
upward from the cavity through the liquid
nitrogen chamber. This arrangement frees the
region below the cavity for the placement of
optical apparatus. An AH-6 high-pressure
mercury arc lamp is used to illuminate the
sample. The ultraviolet radiation is focused
on the sample, and the whole assembly is placed
in a DC magnetic field as shown in Fig. 1.

Energy Levels and Magnetic Resonance
Transitions——A typical energy level diagram
for these molecules is shown in Fig. 2 (Ref.
2). This particular diagram is for naphtha-
lene. Radiation from the ultraviolet light
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Fig. 1 An Experimental Arrangement in which the Sample
Is Contained in a Microwave Cavity, Cooled at
Liquid Nitrogen Temperature, Placed in a Magnetic
Field, and lrradiated by an Ultraviolet Light
Source. (76547) -

source raises the molecule from the ground
1 1 . :
state to the B2u and B3u excited singlet

states. Then, through interactions within the
crystal, nonradiative transitions cause the
molecule to drop to its lowest excited state,

the triplet state 3B2u The dashed line in

Fig. 2 indicates the "forbidden" transition
that produces the phosphorescent emission
characteristic of this molecule. The meta-
stable nature of the triplet state allows the
electrons to remain long enough to allow
transitions between the Zeeman components of
the triplet energy level. These Zeeman energy
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Fig. 2 Energy Levels of the Low-Lying Singlet and Triplet
States of Naphthalene Showing Schematically the
Zeeman Splitting of the Triplet State for One
Particular Molecular Orientation with Respect to
the Magnetic Field. (76548)

levels are shown schematically in Fig. 2 for
one particular molecular orientation. In ac~-
tuality, these energy levels are complicated
functions of sample orientation relative to
the magnetic field because of the presence of
the anisotropy energies usually described by
the coefficients D and E. This anisotropy
causes a mixing of the spin states allowing
Am = 2 transitions as well as the usual Am = 1
transitions. 1In general, for every relative
orientation of the molecule in the magnetic
field, three lines can be observed, each at a
different magnetic field intensity (as shown
in Fig. 2). At one particular sample orien-
tation, however, two of these lines coincide,
Under these conditions, a double quantum
transition is possible, with the electron being
elevated directly from the lowest to the high-
est Zeeman level, and with the simultaneous
absorption of two microwave quanta.

From the anisotropic features of the para-
magnetic spectrum, the magnitudes of D and E
(and their relative signs) can be determined,
and the components of the g tensor can be
evaluated. In addition, the orientation of
the organic molecule in its host crystal can
be ascertained, and, by using different host
crystals, the effects of the crystalline field
can be determined. The value of D and E re-~
veal the nature, as well as the magnitude, of
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the excited state internal molecular forces.
The paramagnetic hyperfine spectrum, which
also can be observed in these molecules when
resolution permits, is correlated with the
"spin densities" of the unpaired electrons in
the excited state.

SUMMARY AND CONCLUSIONS

A cryostat (dewar) has been designed and
constructed so that it has all of the features
illustrated schematically in Fig. 1 and also
fulfills the following technical conditions:

1. The sample should be adequately cooled at
the liquid nitrogen temperature when irra-~
diated by the incident light.

2. The sample and the surrounding microwave
cavity should be free from mechanical vibra-
tion,

3. The microwave magnetic field should be
perpendicular to the steady magnetic field
as the latter changes its orientation.

4. The conditions of light excitation should
not be changed by the rotation of the
steady magnetic field.

5. There should be a provision for observing
the fluorescent light perpendicular to the
direction of the incident light.

All of the above conditions are found to be
satisfactorily fulfilled after a test of the
performance of the completed cryostat. Pre-
liminary observations of the photoexcited
napthalene in durene crystal have been found

to agree in all details with the spectra origi-
nally observed by C. A. Hutchison, Jr. and B.
W. Mangum in their pioneering work (Ref. 1).
More observations are being made to check -the
feasibility of detecting the electron spin

. resonance (excited by microwaves as before) by

measuring the change in intensity of the circu-
larly polarized component of the phosphorescent
light emission.

FUTURE PLANS

Work is continuing on this project. Ef-
forts will be made to observe the paramagnetic
spectrum of the lowest excited triplet state of
the anthracene molecule in a terphenyl host
crystal. If the lifetime of this molecule
proves too short to use paramagnetic detection,
microwave pumping and optical detection will be
used to examine the resonance. An attempt
will also be made to observe a Zeeman double
quantum transition in a naphthalene molecule
imbedded in a durene host crystal.
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THETA-PINCH PLASMA SOURCE

Most plasma sources used for injection and
confinement studies have one or more undesir-
able features: (a) the impurity level is
too high, (b) the neutral gas content of the
plasma is too large, or (c) .the plasma has a
long, low-energy component. Experiments are
being continued with a small fast theta-pinch
using programmed magnetic fields to produce a
dense, hot plasma which, hopefully, will not
be as seriously troubled by these disadvan-~-
tages. The gun's configuration and principles
of operation have been described in a previous
quarterly report (Ref. 1).

SUMMARY

The gun previously described has been
modified to improve preionization, reduce the
neutral gas ahead of the output plasma, and to
improve the magnetic guide field. The gun now
produces a single short pulse of helium plasma

with a maximum velocity of 4 x 107 cm/sec, and
a maximum transverse energy density (17.5 cm
from the pinch region) of 0.3 J/cm. Shot-to-
shot reproducibility is presently unsatisfac-
tory. Magnetic probe and photographic measure-
ments indicate that the plasma may become un-
stable as it leaves the pinch region and may
hit the wall between the gun and guide field.
An instability or wall contact could easily re-
sult in the poor reproducibility and also re-
duce output.

FUTURE PLANS

The immediate concern is with the lack of
reproducibility of output between successive
firings of the gun and whether this results
from an instability or wall contact. In addi-
tion, a continuing effort will be made: (a)
to find the conditions for maximum energy out-
put with minimum pulse length, and (b) to de-
termine the plasma density, temperature, and
total energy more accurately. An ion and pho-
ton energy analyzer has been built and will be
installed in the next quarter. A comparison
between the actual output and the output pre--
dicted by a French hydromagnetic model (Ref.
2) has been started.

DISCUSSION

When the theta-pinch gun was fired into a
longitudinal magnetic field of several kilo-
gauss, it produced a single short pulse with a

maximum velocity of 107 cm/sec, a maximum
transverse energy density of 0.25 J/cm, and a

particle density of only 1012/cc. Although
this output was two to four times greater than
the output of a single coil conical pinch gun
having 80 percent of the energy of both coils,
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there were indications that the plasma was
hitting the wall between the gun and guide
field and limiting its output. The gun was
modified to remove this and other possible
sources of trouble. 1In addition, the method

of preionization was changed from an axial dis-
charge to a low-energy discharge through the
pinch coils preceding the main discharge, the
distance from the gas valve to the pinch region
was decreased, and the gas valve power supply
was improved. A larger, more uniform guide
field was also added. So far, these changes
have only produced a slight increase in output.
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The output is still critically dependent on the
initial gas pressure and is far from repro-
ducible. Magnetic probe measurements indicate
that the plasma may still be too close to or
hitting the wall between the gun and guide
field. High-speed photography indicates that
the plasma may be unstable as it leaves the
pinch region.

Figure 1 is a plot of distance along the
guide field versus time derived from one of
the fastest and narrowest output pulses meas-
ured. At loop A (17.5 cm from the pinch
region) the plasma has a maximum transverse
energy density of 0.3 J/cm, which decreases to
0.03 J/cm at loop E (57.5 cm from the pinch
region). The total transverse energy and
energy density decrease by about 2:1 between
loops B and D (a distance of 20 cm). Figure
2 is a similar plot for a more typical output.
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It is slower, longer, and has a lower energy
density, but more total transverse energy.
The relative shapes of the measured magnetic
loop signals are shown on each figure.

The immediate concern is whether a wall
interaction, instability, or variable gas in-
put is responsible for the lack of repro-
ducibility between shots.
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HYPERSONIC GUN TUNNEL

The hypersonic gun tunnel is a relatively
inexpensive means for providing uncontaminated
air flows suitable for testing hypersonic ram-
jet inlet models. The apparatus uses unheated,
high-pressure gas to compress a smaller volume
of air to high temperatures and pressures by
means of both shock wave and isentropic flow
processes. The engineering application to in-
lets is of immediate interest; however, the
instruments can also be used as a research tool
for investigating fundamental flow problems,
boundary-layer interaction, flow near the lead-
ing edge of blunt bodies, and configuration
problems at high Mach numbers.

SUMMARY

The majority of the tests during this peri-
od were preliminary studies of the flow about
different configurations for the purpose of de-
veloping future testing techniques. These
tests have, in themselves, provided useful in-
formation. In one such run, a plexiglass wedge
(11.5° wedge angle, 0.002-inch leading edge)
was tested to determine the feasibility of us-
ing such materials for inlet models. Examina-
tion of the wedge after the run indicated no
measurable difference in leading edge thick-
ness, but a slight discoloration was noted on
the compression surface downstream of Station
2 (Fig. 1). The schlieren photo (Fig. 1) also
shows a definite thickening of the boundary
layer downstream of this station, suggesting
a transition from laminar to turbulent flow.
This is further borne out by the comparison of
the local Mach number and Reynolds number at
Stations 2 and 2.5 with the transition Rey-
nolds number data of Ref. 1 (Fig. 2).

Figure 3 is a schlieren photograph of the
interaction between an incident shock wave and
a laminar boundary layer. The intersection of
the two leading shock waves may be seen as well
as the resulting slip line. The incident shock
wave strikes the boundary layer causing it to
thicken, and a shock is formed upstream of the
interaction. An expansion occurs in the region
in which the incident shock strikes the bound-
ary layer causing the flow to turn towards the
surface and reattach. Another shock wave forms
in the reattachment zone. Measurements indi-
cate an interaction length of more than ten
boundary layer thicknesses or about 20 percent
of the distance from the leading edge to the
beginning of the interaction.

The disturbance occurring
point of a cone, as described
progress report (Ref. 2), has been traced to a
blockage effect caused by the sting support.
Replacement of this support by a simpler design
having less blockage eliminated the disturbance.

at the mid-chord
in the previous
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Fig. 1 Schiieren Photograph of 11.5° Plexiglass Wedge
in Hypersonic Gun Tunnel.
M= 12, Leading Edge Thickness = 0.002 Inch,
Free-Stream Reynolds No. = .3 x 10°/ft, Tunnel
Supply Pressure = 720 Atmospheres. (76505)
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Fig. 3 Schlieren Photograph of Incident Shock Wave-Laminar
Boundary Layer Interaction in Hypersonic Gun Tunnel.
Mach = 12. Leading Edge Thickness of Flat Plate™
0.009 Inch, Leading Edge Thickness of Shock
Generator =~ 0.012 Inch, Free-Stream Reynolds
Number= 1.1 x 10%/ft, Tunnel Supply Pressure =
4380 atmospheres. (76507)

FUTURE PLANS

The fabrication of the contoured nozzle
should be completed and calibrations under way.
Further studies of inlet models and other basic
shapes will be continued using the present noz-
zle.

BACKGROUND

The gun tunnel is a relatively inexpensive
means of Obtaining flows with an enthalpic
content greater than available in a conven-
tional wind tunnel. Although a shock tunnel is
capable of even higher enthalpies, the gun tun-
nel has longer testing times than are available
in a shock tunnel (2-40 milliseconds versus the
order of a few milliseconds in a shock tunnel).
The longer running time permits the study of
phenomena requiring a finite amount of time to
reach equilibrium and allows the use of more
economical, commercially-available instrumen-
tation in the experimental programs. Also, the
use of a piston in the gun tunnel effectively
separates the driver and driven gases prevent-
ing the loss of test gas through the interface
and the consequent reduction in test time.
These advantages have already been demonstrated
by gun tunnels in operation in England (Refs.

3 and 4) and Sweden (Ref. 5).

DISCUSSION

One possible means of determining the gun
tunnel stagnation temperature is by measurement
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of the stagnation point heat transfer rate and
through theory, e.g. Fay-Riddel (Ref. 6), to
infer the stagnation temperature. Previous
attempts to apply this method using thin film
resistance gauges made of platinum were unsuc-
cessful. This failure was attributed to the
high film temperatures which occurred by virtue
of the longer tunnel running time and high heat
transfer rates and erosion of the gauge. For
this reason, subsequent efforts have been di-
rected towards development of a resistance
calorimeter employing 0.001-inch platinum foil.
Even in this case, the foil temperatures are
sufficiently high to require detailed cali-
bration to obtain such properties as thermal
conductivity, specific heat, and the thermal
coefficient of resistance at temperatures above
100°C. These calibrations are presently under
way.

The schlieren system has been adapted for
use with a high-speed motion picture camera.
To avoid triggering difficulties, the double-
diaphragm technique described in Ref. 7 was
used. No serious difficulties were encountered
with this method.
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Section VI
SPECIAL LABORATORIES

Environmental Test Laboratory Operation--
The Environmental Test Laboratory is equipped
with a wide variety of vibrational, thermal,
and vacuum equipment for studying environ-
mental effects on the performance of missiles
and satellites and their components. Recent-
ly, the mechanical stability of the 10,000-
pound-force vibration test equipment was im-
proved (V1/2).
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SPECIAL LABORATORIES VI/2

Environmental Test Laboratory Operatlon Y1FBBE
Support: BuWeps on a Use/Cost Basis

[. B. Irving

April - June 1965

ENVIRONMENTAL TEST LABORATORY

The Environmental Test Laboratory (ETL)
supports the engineering development and
flight-testing program for missiles and satel-
lites at APL and conducts research and de-
velopment work in instrumentation related to
environmental simulation, testing, and pro-
tection.

SUMMARY

The mechanical stability of the 10,000-
pound force vibration test facility has been
improved. An 80,000-pound reinforced con-
crete mass was poured as a base mount for the
shaker and a new '"Team'" horizontal vibration
table. The new table reduces the mechanical
cross coupling to the item under test by a
substantial amount, thereby improving the ac-
curacy of vibration simulation and increasing
the ability to measure the effects of uni-
lateral specimen simulation. This increased
stabilization of the system is a protection
to the facility and also to the items under
test.

FUTURE PLANS

Future plans for the vibration laboratory
include the modification of the automatic
spectrum density equalizer-analyzer for more
reliable operation in random vibration test-
ing and an increase from 12 channels to 36
channels of vibration data recording instru-
mentation from the Test Laboratory to the
BID Data Processing Center. Plans for the
space simulation center include proportionate
temperature controls for more accurate orbital
heat flux exchange simulation.

BACKGROUND

The Environmental Test Laboratory is con-
tinually revising its test procedures and
practices to keep abreast of the state-of-the-
art. It is equipped to perform package level
and payload testing on satellites in the simu-
lated environments of space, launching, shock,
vibration, and acceleration. These same in-
struments are also used in the testing of com-
ponents and systems for the Talos, Terrier,
and Standard Missile programs. Instrumenta-
tion includes lines to the APL Ground Station
for tape recordings and data analysis.

REVIEW OF INSTALLATIONS AND EXPERIMENTS

The "Team' table now installed and in op-
eration is shown connected to the 10,000 pound
force vibrator in Fig. 1. Vibration test
specifications require that a specimen be vi-
brated along each of three mutually perpen-
dicular axes. The size and shape of the units
to be tested restrict the use of the head of

Fig. | Team Table Connected to 10,000 Pound Force

Vibrator. (76530}
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mens: The disadvantage of previously used
systems of this type were low frequency reso-
nances caused by instability in the mounting
and a long coupling link between shaker and
slip table as well as high amplitude mechani-
cal cross vibration of the slip table itself.
The new unit has been placed on an integral
mount with the shaker. This mount is isolated
from the surrounding floor and consists of a
mass of concrete and reinforcing steel 6 feet
deep weighing approximately 80,000 pounds.
This pit, being filled with concrete is shown
in Fig. 2.

The tracks of the Team table have a 0.001
inch clearance and ride on a slick of o0il in-

UNCLASSIFIED

jected at about 3000 psi. The natural fre-
quency of the system was measured with a bal-
anced 100-pound load. It resonates at 1750 cps
showing a mechanical gain of 6 vertically and
1.5 horizontally. This frequency will shift
slightly (1250 to 1900 cps) with variations in
load and balance, but the mechanical amplitudes
of the cross coupling will stay reasonably con-
stant. No measurable low frequency (below 100
cps) cross movement was observed. '

This table was first used near the end of
June to test the 380-pound GEOS satellite pro-
totype unit with excellent results. 1Its use is
planned for all future satellites.
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Section Vii |
SPECIAL ASSIGNMENTS

Advanced ALBIS--The statistical problem of
detecting targets in the background of re-
ceiver noise and surface clutter has been
solved analytically, and the numerical solu-
tions of the resulting complicated mathemati-
cal expressions have been obtained for a num-
ber of important specific cases (VI1/2).

Plasma Dynamics Research--Fabrication of
parts for construction of the multipole field
in which to confine a plasma flow and investi-
gate its interaction with the field is nearly
complete (VI1/4).
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SPECIAL ASSIGNMENTS VII/2
Advanced ALBIS Z12BBD
Support: ARPA

E. Shotland

April - June 1965

STUDIES OF TARGET DETECTION BY
PULSED RADAR IN A BACKGROUND
OF SEA CLUTTER

The detection of targets in the background
of land or sea clutter constitutes one of the
most difficult problems of search radars. 1In
all cases where the relative target versus
radar velocities differ markedly from the rela-
tive scatterer versus radar speeds, doppler
methods and MTI techniques can be successfully
applied to discriminate the target from its
background. However, whenever the relative
target versus radar velocity occurs at right
angles to the line of sight--a situation often
encountered when the target flies straight up--
the cited methods do not help. Moreover, no
appropriate theory is available by means of
which this statistically difficult problem can
be satisfactorily analyzed. The efforts of the
present work were directed toward filling this
gap of knowledge.

SUMMARY AND CONCLUSIONS

The statistical problem of target detection
in the background of receiver noise and surface
clutter was solved in analytical form (Refs. 1°
and 2). The mathematical expressions of the
results are quite complicated and cumbersome,
and a great deal of numerical work is necessary
for obtaining practical data. This job has
been accomplished for specific, important cases
(Figs. 1, 2, 3, and 4).

FUTURE PLANS

It is planned to continue the analytical
and computational work pertaining to the gen-
eral case of radar detection in the background
of clutter and to compile the results in tabu-
lar and graphical form. This information will
be documented in an APL report.

BACKGROUND

J. 1. Marcum in a classical paper (Ref. 3)
applied the statistical method of Neyman-
Pearson to the radar detection theory. The
basic objective of this method is to provide an
optimum criterion for testing a statistical hy-
pothesis. In the search-radar case, the suppo-
sition to be examined is: "a hostile target is
present." Marcum solved the problem for tar-
gets of fixed magnitude in the environment of
flat, wide-band receiver noise. P. Swerling
(Ref. 4) extended Marcum's theory to fading
targets. The latter are classified into four
categories by means of two properties: time
rate of fading and statistical distribution of
signal magnitude,

However, in general, clutter generates its
own characteristic power spectrum which behaves
neither like a fading target nor like flat re-—
ceiver noise. Therefore, the Marcum-Swerling
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theories are not strictly applicable to the en-
vironment of clutter.

DISCUSSION

In the present work, a general theoretical
model of search radar inputs is introduced
which contains the five Marcum-Swerling cate-
gories as special cases., Let K represent any
general type of input. In a particular case
reference is made to one or more targets, re-
ceiver noise, land clutter, sea clutter, etc.
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Then the general input model can be character-
ized by a set of coupled numbers:

"""" ’ (NK’

The first number, NK’ essentially refers to the

spectral width of the object (time rate of fad-
ing); the second number ng pertains to its

type of signal power distribution. The mathe-
matical problem was solved by generating the
characteristic function of the probability
density of the total radar signal at the input
of the threshold or decision-making device.
Besides the numbers (Ng, ng), the following
parameters play an important role. They repre-
sent the mean-square voltage component at the
input of the detector:

UNCLASSIFIED

oi (for receiver noise),

2 ;

GT (for target signal), and
2

Gc (for clutter).

The derived quantities used follow:

02
X = —g— (a conventional parameter),
o
R
02
z = —%— (a new clutter parameter),
o3
R
°§ z
p=— i = T3 (an alternate clutter
o, + UR- parameter)
o
S/N = - (total signal-over-
o, + OR noise ratio).

The four attached figures present the results
of sample calculations in a specific search-
radar case. The following additional symbols

are used:
N = Nc X Mc = Number of pulses integrated
during dwell time,
M = Number of correlated clutter
¢ pulses,
Nc = Number of uncorrelated clutter
groups during dwell time,
fR = Pulse repetition frequency
£
at, = o2 = Clutter bandwidth,
c
VB = Voltage bias or threshold set-
ting normalized to the total
mean-square input noise,
Peo = 0™ False alarm probability,
Py ~ Single~scan detection proba-

bility.

The first two figures depict the thresh-
old setting versus the false-alarm probability
for various clutter parameters; the last two
figures show the detection probability versus
S/N ratio for various clutter parameters.
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Plasma Dynamics Research Z16CPR

Support: NASA

W. Garten, Jr., S. J. Moss, and T. R. Whyte
April - June 1965

PLASMA FLOW IN A MULTIPOLE FIELD

The flow of ionized gas (plasma) and its
interaction with magnetic fields are basic
areas of plasma research. Control of the state
of the plasma, its direction of flow, and its
purity are among the broad applications of
knowledge in these areas. Specifically, this
experiment is concerned with measuring the be-
havior of a plasma as it enters and flows
along the "magnetic channel" created by a
multipole magnetic field. Measurements will
be made to determine changes in the density and
energy of the plasma as it moves down the field
and to determine local plasma-field interac-
tions, i.e., electric fields, evidence of tur-
bulent flow, and loss of particles from the
stream.

SUMMARY AND CONCLUSIONS

Fabrication of parts for the multipole
field assembly is nearly completed. Final
assembly will begin once all parts are avail-
able. Continued study of the conical gun has
included setting up the computation of plasma
parameters from magnetic loop data. Initial
attempts fo find correspondence of experimen-
tal data with these computations have been suc-
cessful.

FUTURE PLANS

Measurement of the conical theta-pinch gun
performance will continue. Once fabrication of
the multipole field is completed, tests of the
field and its power supply will be carried out.
When the gun and the multipole field are ready,
studies will be made of the plasma flow in this
field at several density-particle energy condi-
tions. If necessary, the theta-pinch gun will
be used to extend the available range of condi-
tions.

1

37 INCHES

DISCUSSION

The multipole-field assembly has been de-
signed and most of its parts fabricated (Fig.
1). The outer vacuum wall will be glass, per-
mitting direct optical measurements in the
plasma region. The main conductors are of
aluminum. This choice of material was made
in favor of the greater yield strength of
aluminum as against the approximately 25 per-
cent less skin depth for copper conductors.
Power for the multipole field will come from
20 kv capacitors coupled to the field conduc-
tors through a step-down transformer. The
‘transformer and capacitors are on hand and will
be tested with the multipole field assembly
when it is available.

Concurrently, the conical gun has been un-
der study to determine its characteristics,
such as plasma temperature, density, velocity,
etc. A crowbar circuit has been added to the
gun since the last report. This prevents cur-
rent reversal after the second half cycle.
This then provides one primary plasma puff
which, it has been determined, leaves the gun
near the second current maximum.

The analysis being carried out to deter-
mine plasma parameters follows closely the work
of Waelbroeck et al (Refs. 1 and 2) where the
plasma is considered to obey the hydromagnetic
equations and have a Gaussian-like distribu-
tion of linear particle density. From the
signals induced by the plasma in magnetic
loops as it passes along the field of a sole-
noid, this model allows the extraction of the
above mentioned parameters.

In an initial test of this model, a third
half-cycle plasma puff was analyzed. Em-
phasizing again that these data are only pre-
liminary, indications are that the fits to the
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Fig. 1 Muitipole Field Apparatus. (76557)
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data are good. Some order of magnitudes are
listed below:

— o
Tion = 30,000 °K,
V, = 7.2x 10° cm/sec, and
n = ~1016 cm-sy
where:
Tion = ion temperature,
v = velocity of center of mass of puff,
o
and
n = number density of ions.

In the experiment to be performed, the sec-
ond half-cycle puff will be used, and it is ex-
pected that, because of the presence of trapped

UNCLASSIFIED

field, this puff should have considerably high-
er temperature than the above mentioned, while
the velocity of the center of mass should be
smaller by a factor of approximately two.

A large portion of this analysis has been
carried out with the aid of a computer, and
only preliminary results are now available.
When this work is completed, an attempt will be
made to extend this method to the more com-
plicated configuration of the multipole field.

REFERENCES
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